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A two-1ine raciative transfer model of a pyrotechnic illuminating
flare flame was formulated and validated. The model is capable of
predicting the 3nectral radiant fiux of different 1iium1nat°ng flares
frem Kn(~n systom variabies sucn as formula, size, and ambiant presgsure,
these having deen varied over a wide ranae, Thic was done witnout
intrcducwng assumptiens which require ad hoc mesitications of the
model to describe different flaves.
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Relative radiant power spectira are prevented of the flames from
three different pyrotechric flare formuias burning at ambient pressures
0* ?69, 523, 309, 225, 150, 75, 30 and & torr. The sodium concentration

he flare formuias varies bj a factor of 10 between each formula.
The experimentai spectra of these iiluminating flare flames show the
magnitude of sodiam D line broadening as a function of ambient pressure
and sidium atom density in the flame.

A set of theoretical specira, compuled using the two-Tine radiative
transfer model, are presentes for comparison with the experimental
spectra. Tthe covrelation betweea theoretical and experimentai spactra
saowz that an LTE radiative transfer model is useful for predicticn
of radlant ocower spocira of magnaaiLnnalxa71 nitrate f?aves. or,
alternatively, thase flares ara a predictable laboratory model radiative

triarsfer system.
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ABSTRACT

A two-line radiative transfer model of a pyrotechnic illuminating
flare flame was formulatad and validaied. The wodel is capable of
predicting the spectral radiant flux of different illuminating flares
from known system variables such as formula, size, and ambient pressure,
these having been varied over a wide range. Th:s was done without
introducing assumptions which require ad ho: mod ¢icaiions of the
mode! to des¢ribe different flares. ‘

Te solve the transfer eguation for observed radiant intensity,
the flame is represented by a model whose main characteristics are
{a) the flame is a homogeneous yaseous atmosphere with plane-parailel
stratification, (b) the gas consists of inert molecuies plus sodium
atoms which can be excited to the 29%4 or ”9; Tevel, (c) there is

z
local thermodynamic equiiibriim governed by the local temperature,
(d) the temperature gradient can be represented by a parabole whose
vertex is at the center of the flame, (e) th» dispersion profile and
number density of sodium atoms have average values, inside the flame,
that are independent of denth, and {f) the individual line dispersian
profile is replaced with a two-Tine function to simultanecusly
describe the spectral distridution of both of the sodium D lines.

The parameters of the radiative transfer theory were supplied

*y

from cziculated thermodynamic pruperties of the flare. QOpiicel

-

thickness as & function of pesition in the flame was determined using
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computed sodium atom densities and physical flame size was obtained
photegraphically. A flame temperature gradient was constructed
numerically as a function of temperature in the flame using the
computed adiabatic temperature at the flame center and the boundary.
The two-line dispersion profile was constructed as a function of
line broadening. The magnitude o€ the broadening was computed

a2 priori.

Relative radiant power spectra are presented of the flames
from three different pyrotechnic fiare formulas “Surning at ambient
pressures of 760, 630, 300, 223, 150, 75, 30 and 6 torr. The
sodium concentration in the flare formulas varies by a factor of 10
batween each formula. The experimental spectra of these illuminating
flare flames show the magnitude of sodium D line broadening as a
function of ambient pressure and sodium atom density in the flame.

A set of theoretical spectra, computed using the iwo-iine
radiative transfer model, are presented for comparitor wiih the
experimental spectra. The correlation betweer theoretical and
experimental specira shows that an LTE radiative ftransfer model is
useful for prediction of radiant power spectra of magnesium-alkali
nitrate flares, or, alternativeiy, these flares are a predictable

laboratory model radiative transfer system.
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INTRODUCTION

The purpose of this research is to characterize the mechanism
responsible for the large luminous efficacy of the magnesium-sodium
nitrate pyrotechnic flare and to determine whether razciative transfer
theory predicts the spectral radiant power of different illuminating
f. - with large variations of syster variables such as formula, flare
diemeter, and ambient pressure.

Preliminary research’ showed that the major component of the
emission £ om magnesium-sodium nitrate flares is a continuous
spectrum, called the sodium resonance-line ésntinuum. The emission
occurs in a broad but variable region on either side of the sodium
resonance 1ines. The resonance-line continuum from large %}ares at
atmespheric pressure extends for several hundred angstroms more or
less symmetrically abodt the sodium D lines, wnich are strongly
reversed. The spectrum can b2 characterized by a parameter,
8N, = [, - Al » the difference between the sodium D, 1ine wave-
length A and the wavelength of maximum spectral flux density
Anax focated on the short wavelength side of the szdium B Tine.
The vajue of QHR increases withi increasing size of flare and
increasing ambient pressure. The resonence-iing conti uum is many
orders of magnitude areater than c¢an be attributed fc any»simp!e
consideration of Doppler or Lerentz effests, suggesting that some
other mechanism, such as that provided by radiative transfer theory,

wust give rise to the resonance-:ite continuum. Understanding the




origin of the resonance-line coytinvu@ appears at this psint o be the
key to a more quantitative undersianding of the radiant flux from
magnesium-sodium nitrate flares.

i Further research” comuared the energy r;diatéé vy the sodium
resonance-line continuum with the saergy of the flare reactios to
further characterize the wechanism that Jives riss to tris cbazinuam.
Additionaliy, an observed kigh-re,niy.in radiant pover cuiission
spectrum from a 10.3 om dismeter Tlars at atmnspparic peessure was

compared to a spacirum predicied by redigtiva transfor of emissioa

[41]

rrom sodium-B iines. The Hummer and Hybicki formalism™ was used to

solve the radiztive transfer eguation. The fla s Tlame was represeni-

ad by a msdel in which the Flame is an isotnermal atmosphere and the

ment betwsen the computed spectrum and vne experimental apectrus of
g 10.8 o diameter flare with high sodium atom densi.y burniny at

atmospheric pressyre. However, the model is incapasie of prediciing

¥

he specyrai disiributien of the [ lines as a resolved doublet with

each of vhe D, and D Times strongly reversed at iine center as

eceers in low pressure-low scdiud itom numter density clames. '
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rurtheriore, the defects caused by this and the isuthermal assumplion
were somewhat avpitrarily mitigated by treeting y 23 an adjustable
parameter. lo overcome these deficiencies, 3 more detailed model was
‘needed which inciuded provision Yor a temperzture gradient distriouted
radially through the flare flame, for trestment of the D lines as a
doubtet, 2nd for determining all oarameters of the theory from
ambient ¥lars conditions with no parameters to be adjusted.

The purpose of the preseri research is to formulate and validate
a two-line model of the pyrotechnic illuminating flare flame capable
of predicting the spectral radiant flux of different illuminating
fiares Tram known system variables such as formula, size, and ambisnt
pressure, these having been varied over a wide range, and to do this
without introducing assumptions which require zd hoe modifications of
- the nudel to describe different flares. To.do this we shall first
sresent exparimental radiant power spectra of three

formulas burnsd at sight different ambient pressures. then describs

the determination of thermodyramic paramefers;: namely, sodium atom
¥ :

the axperimental soecera with radjant power spectra cotained theo-
retically u<ing a two-Tine radiative trensar model of the flame at
1acal thermodynamic equilibrium containing a temperature profile

distributed vadially throvgh the Tlame.
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EXPERIMENTAL
The spectrai radiant intensity of illuminating flames flucluates
consiaerably due to normal variables of tihe flare manufacturing
process. Flare combustion also becomes increasingly more irreguiar
as the ambient prassure is reduced. The sodium concentratica in

the flare formulz and the ambient pressure were chosen to cover a

(o]
<
Lxcal

wide range 6 make veriability of the {larz radiative cutput smil
compared to changes due solely to sodium concentration ard ambient
pressure. The effect of sodium concentration and ambient pressure
changes is therefore completely usambiguous even ir the presence

-~

of relatively large flare output vlucivztions.

{leasurement Parametars

fach of thres g fferint ilTuminating conposition Tormulas was
tested a2t 8§ jevels of pressure; nameiy 760, 630, 30Q, 225, 150, 75,
BGrand 6 torr. Tor each pressure-formuia combination, the ourning
time, flame size, and relative spectral radiant powsr distriovution
in fhe visibie region ware recorded.

The test flares were compesed oF 53 g of a magnesium-sodium
nitrate-binder mixture comprassed into 3.3 on i.4, by 5.5 cm long
vaper tubas, having formuias shown in Table I. ?srmé?a sroups 1.

2, and 3 are nearly stoichiometric mixtures,; the sodium nitrate 12

ey

-

groups Z 3nd 3 being .1 and .01 of group 1 respoeciively, Sitoichismetry

Ay




was maintained in groups 2 and 3 by addition of potassium nitrate
chosen because it reacts with magnesivm at about the same rate as
- sodium nitrate end because of its low-emissivity in the neighborhood

oy the sodium D lines. th2 region of interest {ur these studies.

R bxpe-imental Apparacus

Fig. 1 shows the experimeniai arrangement. The test fiaves F

the fiame projecting upward. Simultaneously, as each flare burned,

ok
o
M
0
-
=
W
3
o
<
by
®
B
[ 5
ot
ks

2

e flame through window W, and plate glass &
to record flame 33ize. The grating soscircyranh was used to record
the specirai distribution of the flame throuqh aperture A
window K, anc mirror ¥ . The buraing duration At was
measured with a stopwatch. Table I! coptains fiare burning time
averages aof. A He-Me CH laser and A+ ion pulse laser were used
to maintair aligrment of the spectrograph with the flare and to
provide wavelength calibratiun poiats.
A 3n Jarrell Ash Mcdel JA.78 speccsograph using a 30 micron
entrance siit and fitted with a racking camera wus pncitioned to
- view a 3 cm wide by 5 cm high region of the fiame defined by A
on the fiare axis czntired on 2 point about 3 ¢m above the burning

surface. The ontical path was changed 30° by a reiraciable front

gl Seiie i Rg )
St

i
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surface plane mirrer M Dbetween the slits S and window L

Kodak Linayraph Sneliturst 35 mm {ilm with typical usabie range of
400 to 7030 nm was exposed to the flare for a known time periocg chosen
to provido film transmittance in the range 0.2 te 8.8 in the vicinity

of the sodium D lines, the region of maximum interest.

*

Data Collection
Physical Flumz Depth
cach flame was photographed with a 35 mm camera using Kuack
Plus-X fih through an NDZ neutral densit: filter at ¥/4 lens stop
for 1/125 sec. The exposure settings and 150 om object distance
were constant for all tests. A grid of reference marks of known
spacing, photographed while in the flare location, was used to
establish a Tinear scale for measuring the flame size recorded on the
film. The total physical fiame depth z' was taken to be the
distance between equal film density regions at the flame edge
perpendicular to the flame axis and fhrough a point 5 cm from the
flare surface. The same film density was used in examining ali
photographs.
Navelength Calikration
To calibrate the spectrograph film for wavelength, an argon
ion and helium-neon iaser were exposed te the Tiim providing lines

at 476.5, 488.0, 496.5, 514.5 and 632.8 nm. In addition, Na D

Pld
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Tines at 588.92 and 589.59 nm, Ha doublet at 568.3 and 568.8 wm,
Na doublet at ©615.4 and 616.1 nm, K lines at 578.2, 580.2. =271.2,
and 583.2 nm, and the Ba line &t 553.6 nm, appearing in - flare
spectra, were used as calibration peints. The Ba line appears in the
flare spectra as an impurity originating from residue of the composition
used to ignite the flare. The ignition composition was 1GZ boron
and 90% barium chromate.
Radiant Power Determination

To determine the relative spectral radiant power of the flare,
it is necessary to apply corrections which represent (&) the
relationship between the irradiance working standard used during
the experiment and an irradiance standard traceable to MBS,
(b) the spectral characteristics of the window-mirror arrangement,
and (c) the relative power of the irradiance working standard and
the flare. These three corrections appear as time ratios in the
expression for the relative spectral radiant power of the flare

'

4, at wavelencth
2= K E(E /8 0 (e 27 ) (8 07t ) (1)

where k 135 a proportionality constant and £X° is the werking
standard irradiaice. Each of the time ratios is, in effect, a
calibration factor. The two times in a given ratic are those
required to expose the film to the same densiity for each of the two

sources or source arvangements being compared. The ratics are
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measured at film positions corresponding tu cach wavelength., In

eacl case, tx° represents the time for direct exposure of the

spectrograph film to the working irradiance standard, where x=1,2, ar 3.
The ratio (t,/t,°) compares system characteristics. The flare

flux passas through window M, and subsequently is reflected by

mirror M onito spectrograph siit S as shown in Fig., 1. The

spectrograph {ilm was exposed for time §  to the spectral irradiance

working standard from position ¥ with mirror M in place. This is

calied system exposure. The film was alss exposad with the working
standard in pesition L and witin the mirror M retracted. This is
called direct exposure. The optical path Tenath was 754 cm in each case.
The transmittance T, of the window and reflectance o, of the

wirror are taken into account by t‘ . The comparison of 11 to

the time t1° for direct exposure of the film to the werking

standard is in effect a correction for losses due to the window and

mirror.

The ratio {t2°/t2) compares tie working standard irradiance to
that of the flare. 1In each case, the film was exposed t¢ the flare
for a known time period tz chosen to provide film {ransmittance
betwsen 0.2 and 0.8 in the vicinity of the sodium D lines. The
ratio {t3°/t J compares the working standard direct expos.re io

3

NBS irradiance standard direct exposures.
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To obtain ex, 0s.res at tae varicus times neadad fe evaluate each

S
A

oF the three ratics, »xpgiuves were plzced on each filn in a simiiar

) §
LS Sy ’ 2
i3 ™
ﬁ{‘ R

pattern. Sach f.im lcatzined one exposdre of the source or source
arrangenent to be ev2laavesd, and multiple fime exposures of a ref-
arence source. The reiemencs exposuyre 1imes were chasen to inciude

e upper and Tower Yimit., «¥ {313 donaity Tor the source exposure.

To determine the retio {t /t.*

3
IR I

e vatus of 11“ for 3

working standard divecs exgosure having +the <ame film dens,tv as tho

interpcialed from the varicus

-y
14y

working staadarg system exgusure t

‘4
T

- -~

reference e2xposures of * “. To determine the ravie t 7/t , the
vaiue of a working standard direct exposure tigs t° for a refarence
exposure having the same film density as the flere expnsure t_ is
interroiated from {he varisus reference exposures t.5. To determing
t,°/t, , the value of t_ for an N8S standard direct axposure having
the same film density as tie working standard direct exmos.ra i °
is wterpolated from the various exposures of L.

To parform the interpolations, the transmittance = of eack of

n
i exposures on the film was measured wilh a scenning densitometer.
Transmittance values of the n reference source exposures were used
to construct a calibraticn curve for the film for each wavelength

o] [«]
A = % £ 1A}, Tha interval was determined by the

vy

interval ax
resolution required. The calibratior curve, a plot of film transmitiance

v against log t ., where £_. is the expisure time for reference
ns “10 nA na

sgerce n, iz roughly linear over the useful range. By interpolation,
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& time (£ °, t ° or t.) is found wnere tne film densities of ihe

source and reference exposures are equal. That time corresponds to
£, t_ or t °®of the source exposure respectively. The times t}” s

1 i

t °, and t_ found in this manner are used tc evaluate Eq. (i).

“.

Data Averagina
The film transmittance data from the dznsitometer fluctuated over

a range of about 19% of the mean value due to fiim inhomogeneities such

a

[T

graininess and esulsion blemishes. To minimize these fiuctuations.
the data were smoothed by averaging zdjacent wavelength pnsiticns. In
effect, the procedure was to record spectra at higher resclution than
was actyslly needed, then apply to the resultant deta a methemaltical
sTit funciion which was wider than the physical slit width. In this

running average method, the i-th value of the transmittance is

shere 1 = k+1, k+2, 143, . . ., n-k and n is the number of data
points in tne spectrum. The sTit funclion parameer, 2k+1, is the
number of data points over which the average is taken. This is made
as 1arge 35 neeced to achigve desired smoothing without distorting

the spectrum.
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Data averaging was kept to a minimum. Smoothing was performed
on the spectral correction data resulting from the preduct of EX°,
{t,/t1°§ and (t3°/ta) using k=5. In this case the average vaiuse of a
point was influenced only by data within 25 R. Individual trans-
mittance curves used to determine the abrye ratios were not smoothed.
Transwmittance values of the multiple reference exposures of the
working standard used to v-tain tf” were averaged using k=4

[
causing only data within 4 A to influence the averaged value. No

data averaging was applied to any of the flare exposures.

Results

Relative radianr nower spectra ?l’ of tymical flares for ezch
pressure-formula combination are plotted in Figs. Z and 3. Relative
power spectra of ali the flares tested during the present research are
niotted in Appertixz A, The solid curves in Figs. 2 and 3 are the experi-
mental data. These spectra were normalized so that the peak value is
unity for coaveniencs in the first step of the theoretical comparison.
Spectra were not obtained for formula groups 2 and 3 at 6 torr becausz
the fiares did not sustain combustion at this pressure. Group 1 flares
at 6 torr barely burned. Comhustion difficulty was visuzlly observable
for all flares tested at 75 torr or less. The lengthening of the {iare
burning time {decreasing burning rate) with pressure reduction is shown

in Table II.




The relative radiant power ' of each flare was obtainze by
numerical integraticn of the flare rejative radiant power spectrum
@A’ (before normalization) over the wavelength interval of interest.
Because the radiant intensity of these flames fluctuates ccnsiderably
evern under normal conditions, flare radiant power values are most
difticult to pin down, particularly at Tow r -essures where combustion
is especially irregular. Nevertheless, fiare radiant power values,
relative over the whole family of flares, are plotted in Fig. 4 for
comparison with theureticaily’predicted power values.

Parameter AWR’ , the difference between the sodium 02
resonance wavelength A, and the wavelength of maximum spectral
flux density at shorter wavelength than xR , Was obtaineg directly
from the fiare radiant power spectrum @k'. Values qf ANQ‘
for each pressure-formula combination are plotted in Fig. &
where they are compared with values obtained theoretically.

The flare spectrum half-width aH, ', measured directly

p
from the flare power spectrum @A", isvplotted in Fig. 6 for each
pressure-formula combination. The flare spectrum half-width, 1ike
the radiant power ¢' , fluctuates sonsiderably during normal flare
burning. For this reason, representative half-width values are
difficult to obta’n. Furthermore, an ambiguity in the definition of

Ak arises at pressures low enough for each of the reversed componants

h.-

¥

of the Na doublet to be resolved. The nature of the ambiguity is

resoived in the discussioen.




The physical flame depth z' of each flare was measured from the
photographic negative of the flare flame. Values of z' range from
6 cm for formula group 1, 760 torr to 2.5 cm for formula ¢roup 3, 30
torr, a rather narrow range considering the large range of cAperimenta:

conditions.




DETERMINATION OF THERMODYNAMIC PARAMETERS

To solve the equation of radiative transfer, it is aecessary
to know the lame optical thickness and flame particle velocities
which govern broadening half-widths. These can be calculated
knowing values for gaseous sodium atom number density in the flame
ﬂo and adiabatic flame temperature To. As far as the radiative
transfer model is concerned, knowing T0 and No are therefore
necessary and sufficient conditions for sclution of the transfer
equation for the model to se described.

Values for these parameters could be obtained relatively
unambiguously. The equilibrium composition of the combustion species
{mole fractions) and the adiabatic tempareture were computed using
the computer proaram developed hy Gordon and McBride.® The program
yses a free-energy minimization technique to determine the dynamic
equilibrium flame properties. The calculation recognizes condensed
as well as gaseous species. Thermodynamic functions such as specific
heat, enthalpy, and entropy are calculated as functions of temper-
ature for the reactants and combustion species, for solid, liquid,
and gas phases. These are incorporated in the program in the form
of leact squares coefficients, having been derived mainly from data
taken From JANAF Thermocnemical Tables.®

Usine ambient oressure, flare formuia, and enthalpy values of
the reactants as input perameters,® the adiabatic temperature

TQ and the equilibrium cowpssition were computed for each pressure-
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formula combination. It is estimated that 33% of the heat nf combustion

of tre sateria® in the cbservation region is jost through radiative

convective, and conductiva processes. This Toss bears a reasonable
relation to the 25% reported” for flares of larger size.
The ratio of gaseous atowic scdium mole fraction te mole

fraction of all gaseous species is & , the atomic sodium partial

sressure being the oroduct of & with ambient ypreswureg Y. yun

-

number density of gasecrs scdium adums ﬂo i Lthe flane was

computed by the id=al gas aguetion

where R s the ideal gas constant. Values of T0 and Eo

are pruvided in Tablg II far each ambient pressure-farmula combination.
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THEORETICAL
The Radiative Transfer Equation
Biffusion of radiation tirough a gaseous atmosphere produces
behavior ihat 1s qualitatively similar to that o? the observed
resonance-1ine continuum. Whon the gases of the flame arg transparent

33 - - X4 €415 7 2m.i
ke Tine scatisring orefila, smaximd

th]

only o5 the asiveme wiwge of
develop on either side of tne line and a mianimum deveiops ar the
resonance position, where the optical deptn is greatest.” However,
the brooderning observea in pyvrotechnic flare flames can be extra-
ord.nery in aumperison with that which is novmally treated by
radiative transfer theory.

A radiative-traasfer mecnanism was tested by numerical
integration of the transfer egquziion® using parameters in the range
of those expecte¢ ia flares of widely different formulas burning
3t ambiant pressures ranging from 760 to 6 torr. The total radiant
intensity va{T) at frequency v in a diraction described by
u = €058 and issuing from a wolume element al optical depth « is

given by the radiative-transfer equation

n? k4 g7 = H '."— l"f
Wl ()/de < s [1 (5} - S (x)

v

L
.
S
St

3

o

o

whers u = £os&é s the cosine of the angre oy observation with
respect tr the outward normal to ihe flame surfsce. A detailed
derivaiion and ferme] ist.gration of £.2 transfer equation is

gives in Apperdix B. The optical depth + is related to the
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physical depth 2 by o rk dz , where & is the absorptivily
W ;

of the flame. The ncrmalized spectral profilc of the Jbsorplion
coefficient ¢ is a functian which takes account cf the‘flame
line broadening mechanisms. Parameter s will be defined later.
The Jine-source funsiion ,Sf(f) ac;ounts for increments or decrements
in the radiant intensity from a volume element at optical depih -
due to emitters and absorbers within that volume element. Ii is_
defined 2t a given frequency by Sv z “u/ku ; where °, iy i{he
monochromatic volume enission coeftriciant,

Formal integrsiion of the transfer ejuation yields the expressin:

{'"‘=Tn
= LT -7 3 3 +! K
1 I expl-{<_ ‘1} ';\;—a/l"u i

v vz 2

whare ¢ and <_ are the aptical depth intwgration 1imits from

1 ol
fresti o Uhe cear of the atmosphere respectively, and IQ1 and
1"? are the spectral intensity 8t optical depths T, and T

respectively. Ip order to soive the transfer eguation, for the observed

(1) :9e flame is a homogeneous gaseous atmosphere with plane-

rarailel stratification.

o
S #

The gas consists of inert melecules plus sodium acoms

which can e excited to the "P_ or 22;: Tevel.
L evel

= -

(3) Tiers i3 lockl thermodynamic equilibrium L7E guverieus by

the Joral temnerature.




CENFPNFSRAT e
Ry

-18-

{4} Energy exchapge by radiation leads ib;radia£ive equilsbrium.
(5) The refractive indcx of ibe medium is unity.

(6) The radiatica i3 uupolarized when emitted snd remains
vapelarized in its :nteractiﬁhs with flame spercins.

in2 temperatur2 gradiest can he reprrsenied by a parabole

-
~i
~——t

whose vertex is at Iile certer of the flamz.

(8) Th: absorption profile 0,q 30d rumber density uf sodium

~

atoms MU have average values, iuside the fiame trat are
independent of =t .
The form of tg. {5) has been simplified for the present case.
(a) The observed fiux is that emerging normal t¢ th: surface ({u.=1).
{b) Mo flux is incident on the rear surface of the atmosphere

: J,,70) {cy S.{x) = 8 {T"}) for the LTE case. The Planck function

B,(T') = (zw"/c® exp(iv/kT')-117" (6)

%

where h 13 the Planck constast,; ¢ is the velocity of light, k
is the Boltzmann constant, and 7' is the fiame temperature at
fiame optical depth =t . ULnder these conditions, iategrating

from the front surface, where 2z and v, are 0 , 1o the rear

surface where t_ = 7 , the total optical thickness, the monounromatic

emergent intensity is

{ r=
N ) i ” N -
- 2= B (T') exp{-re _Jdt . {7}
- e i Wl
F3
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Theorectical velative spectral radiant power " proportional
to snectral smergent intensity IV° for a particular mocel, wus
found by aumerical integration of Eq. {7) on a CDC 6600 digital

computer using Simpson's rule of Zm intervals® deScribed by

b m-1 m
( - . I 5 Y
- | flxo - 8 1£(a)+F (b)+2 Z £{x_ 144 'L Pln, )1-1 ey, (8)
Ja in =1

wvhare mro s an‘integer, = (b-a)/2m_ and % = atih for

- i=0,1, --- , 2a. The Fortran program is listed in Appendix C.

Each computed spectrum &, normalized so its power maximum

is unity, was plotted for comparison with the corresponding
experimentally determined flare spectrum ¢A' as shown in Figs.
2 and 2. The total radiant power ¢ of the theoretical flare
spectrum, plotted in Fig. 4 for each formula-pressure combination,
was obtained by integration of 2, over the spectral frequency
region of interest, the latter having been multiplied by Bv {Tg)

O
where v_ s the line center frequency. Parameter AW, the

~

separation betweenr the wavelength of maximum flux density and the

sodium B_ line wavelength, and the spectrum half-width sHW, were

[v3

b}

. each measured direcily from the theoretical power spectrum 4.
Parameters A4, and AWy are plotted in Figs. 5 and & respactively
<

for comparison with the corresponding experimental psrameters

Aty
.‘HR

-~ ¥
angd Al .
t-3
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Parameters of the theory that wmust be suppiied from properties
of the flame are {a) optical thickness <:{z) as a functicn of
position in the flame, {b) a flame temperature gradient T'(z)
as 2 function of position in Lhe flame, and {c) the scattaring
profiie a parameter in $on Relative radiant power spectra
were computad and compared with experimental spectra. It ramains

to show that combining these values with the model are, in fact,

consistent with properties of the flame.

Justification for LTE Assumption
A source function which does net assume LTE can be expressed
in terms of the radiation field as

(m
S,(7) = [{-) ] 30 ses0) g (v') o' + v B (1)
Jo

where the mean intensity J__ 1is the simple average of intensity
¥

over all solid angles, + is the frequency paramster out of the

v'  frequency set, and the probability per coliision of coliisional

deexcitation of sodium,

v = C, /8C, + A, 11 - exp(-hy /KT )77}, (¥9)

=21 =1 2%

relates the rate of collisional deactivation C = 1o the

Einstein coefficient for stimulated emission Aé} . For the

sodium D 1ines® A = 0.65x10° s™  Hummer® observes tmat when

b

G the £
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nas its maximum value of unity, the source function S {,) becomes

V

the Planck function ¢ (V') i.e., L1E is vaiid. The determination

of € will ba described later. In the folicwing, it will be
. shown that a value of v large erough (nesriy unity) io justi’y
an LTE assumption exists at both experimental exiremes of ambient
pressure and sodium ~ium number density.
In tno case where the amblent pressure P = 760 torr. the adiabatic
temperature TO = 2939°K, and the sndium atom number density is

I

'
ol
x
—ed
o)
2
-

“, v is about 0.35 wher nitrogen, & major flame

0
soecies with relacively Tow quenching crocs section, is the enly
qeenching species considered. An even larger value of y is

obtained when other flame species with larger quenching cross

L7

ections tnan that of nitrogern are considered. Under conditions of
high temperature, ambient pressure, and sodium atcm numbor density,
tne value of ~ is suffiéient}y close to unity to justify the
LTE assumption.

At the experimental Vimit of low prassure, temperature, and
socium atom number density where P = 33 vorr, T = 2500°K,

14 . - s -
H = 4.6x10 7, and N as the effective quencher, : is about J.43.

A more realistic flame species mixture, predominantly of N

£0_, has an effective quenching cross saction of 40x107°% em”.  For
this mixture, the value of ~+ 1is about G.81. In order for the
LTC assumption to be valid in this range of values of v, it is

nacessary for tne terms of Eg. {9) to balance in »uch a way
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that the resulting source function S (1) equals the Planch function
\)

Bv(T'). Values of Sv(:} were compared with BV(1‘) by the ilummer -
Rybicki formalism.” Some typical values of the source function
Sv(r} at various optical thicknesses for v = 0.5 and a = Q.01
are listed in Table IIl. Except near the flame surface where the
optical thickness is very smail, the source function SU is approxi-
mately equal to the Pianck value making the LTE assumption acceptabie
in this experimental Timit as well.

In order to determine the value of ¥ by Eq. (10), the
rate of coliisional deactivation € ., 1is needed. 621 can be
equated to the number of quenching collisions per second sz(7>

given by Hooymayers® as

o, (11)

Coe(T) = 0, (1) = ny 7, o

Londs

where nj is the density of the quenching flame species, 33 is
average relative velocity of approach of the colliding species,
and °j is tne specific quenching cress section. Yhen the sodium
atoms undergo quenching collisions in a mixture cf flame molecules
of different spacies, the auenching frequency is given by"
™ - ™ = t . o !
L21(T) = 021(11 ; n- v, ¢ \}2)
where J represents various species of flame molecules. The

relationship’® which fescribes v. is
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mean speed V;g' , of tie sodium particle and the mean spzed

, of a particular species j of guenching particle is

‘\‘T!
NA

- 1
PR Y H / ~]
v (SKTNA,ij)P s (14)

where N, is Avagadro's number and Mj is the molecular weight
of sodium or species j as appropriate.

The ideal gas iaw was used to estimate the number density of
quenching tlame species nj . Yaiues of the specific quenching
cross section o, between Na and guenching species HQ, 0?, *2,
€0, €O, and H 0 are 8, 34, 21, 41, 50, and 2.2x107"% on® respectively.”
The dependence of o5 on *emperature has been reported’’ to he not

much stronger than of = 1.
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Constructisn of 2-1ine Voigt Function

bnder conditions ov Tow pressure and Tow sodium atum density,
it ¥s necessary to solve the transfer equation simul tunecusly
{or voth of the sodium O lines in order to describe spectral
Gistyibutions. One alternative for deing this is fo replace their
individual dispersion profile 3 oa in Eq. (7) with & 2-1ine funciion
?Nfiu}. This aporoximation is valid because the U lines are strongly
ceunizd ¥ thereby maintaining their relative strengths. A 2-line
Yoigr fuaction profile is therefore zpoiicable te the entire
pressure and écdium dersity range encouniered in the present research.
ne ¢-iine Yoigt function, Va“(y}, was constructed rumericaitly

by gensréizng the function for eaciv line separately using the

-

procedure disevibed by Hummer,'® thon summing taem.

j=¢

P
[ Yoo ¥ PO R =~ ~ 1 . ~
V.0 = '.z“)i*gj(~~ + £, {1%]

where Vd;(:} and 1Y are swngle line Voigt functions, botn with
the same value o7 o, centered on the Na D1 and ﬂ: line center frequency
respectively. Osciilator strengl; i and 7 of the Na b, and

82 Tines are 0,312 and 9.624 respectively.'? Function normaiization

and relative Tire strength were mainteined by multiplying vai(v} by

oscillator strengths whose weighted sum equals unity.
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Superposition ¢f Sroadening Mechanisms

When tie Tine is broadened by several independent effects, the
distributions found for the individual kinds of broadening must be
superimposed. The mathematics of this superposition is complicated
by the fact that the functions which represent broadening fail into
two classes, dispersive and non-dispersive. A superposition of
dispersion functions results in a new dispersion function having
a half-width equal to the sum of the half-widths. However, if
heterogeneous functions are superimposed, each point on one interacts
with every point on the other. Such superposition, referrad to as
convolution or folding, of a Lorentz with a Gaussian distribution

results in a single line Yeigt function
V (b) =1 f (vey) FLly) dy (16)

where f1(v) is the Lorentz type profile and f _(v) is a Gaussian

14,55

distribution.

The normalized forms of the three functions are® 'S

-ty

w—
<

o
1

<711+ V)T Lorentz {dispersive)

= 2" V% axp(-v?) Doppler {Gaussian)

~ty

-,
<

et
\




(" —vR)dv
V= 2 %E-(—l-)—diﬁ Voigt (combined) (19)
dapines % vyl ¥ a°
where o is the frequency measurcd from the line center in units
is the dispersion parameter definad

of Doppler half-width and «

helow.

Voigt Function a Parameter

The Voigt line profile that is used must take account of all

of the factors which contribute to the Tine width in the’abseﬁce
Line breadening mechanisms which were

of radiation transfer.
considered in the present research are {a) natural broadening, a

consequence of the Heisenberg uncertainty principle, (b) pressure

broadening of both Holtsmark and Qan der Waals types, the result

of collisicns with like and unlike neutral species respectively,

c) broadenirg due tn quenching collisions, and {d) Doppler

broaoening due to the relative motion of the radiating systems and
Pressure broadening caused by charged perturbers

9,14,17

the observer,
(Stark broadening) was neglected, the degree of sodium ionization in

the ¥lame being swall as shown by computation of Na© cencentration
using the thermodynamic computer program developed by Gordon and
McBride® as described eariier. The collective effect of these

broadening mecharisms is accounted for by the Voigt function «

parameter obtained from the relatio:




-27-

Y
a=[{an + A+ an* qu)/m\h](m)2 R (20)

H

where AxN s AAL ) AAR , AAQ , and by are the natural, Lorentz
{unlike particla), rescnance (like particle), gquenching, and Doppler
line broadening half-widths respectively, each to be evaluated
separately below. The value ¢f a evaluated by Eq. 20 for each
of the three illuminating flave formulas 1s 6.8, 1.3, and 0.65 for
Groups 1, 2, and 2 respectively at 760 torr and at conditicns of
Ehe flame center. The values selected as the average value of a
in the flame are 1.2, 6.4, and 0.3, which are in about the same ratio
as the vaiues at the flame center.

Values of a for other ambient pressures P were obtained
by a, = #/760, since the dominant broadening half.widths AAL and
akR are linear with the smbient gas pressure. '°

The equation for Na D 1ine natural broadening half-width is

sA(A) = 107 a2
N jal

e
™
k)
~d
8]
1t
oo
c

o}
M
p=]
S
™
]
(9]
s~
[AS]
mnd
L

where 1 1is the state lifervime ang Ao is the line center

wavelength (om). 23 is 1.24%0

“ A for the Na D, 1ine. 7
The Doppler broadening half-wideh for the Re D_ line is given

DA

nj

feh (T /3=, (22)

> S o''o

where M is tne sodium molecular weight {g). ax_ = 0.0477 and

]
0.0474 A at 7 = 293G and 2505°K respectively.
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The collisional broadening half-width due to unlike species is

given by
2 (R) = 10%(2 /ac)a n_ (20kT_[(N /(N /)]1°, (23)

L

where o is the optical cross section (cm®), "2 is the number
density of perturbing species (em™®), and M and m are the
molecular weights (g) of the emitting and perturbing species
respe;tive}y. Rearrangement of Eq. 23 leads to

AAL(A) = 108(Aozfc)anz(SkToNA/au) , (24)

Vi

vhere u = [{mM)/{m#4)] , the reduced mass. If the mean reletive

velocity of colliding species (cm s™') is

N

v. = {8kKT N /mp) , (25)
J o A

where j i3 the species index, Eg. 24 can be written
o - _
ax {AY = 10%( ®/cla n v, . (26)
L 0 L2 g

If all non-sodium gasecus species are taken to be perturbing species,
an upper limit is n =N - N , where N {(cm™®} 1is the total
2 A o} 3
number density of the gaseous species in the fiame computed from
the ideai gas law at T . At 760 torr and using o = 60x107'¢ cm®
- (o)
{reported by Hofmann and Kohn'®), AAL= ¢.0230, 0.0371, and 0.0386 A

for formula groups 1, 2, and 3 respectively.
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Tne resonanca broadening half-width, resuliing from interaction
N . . o T e <O
- berwees 1ike particles st high gas densities 1s

Lzl
I3

. % P . WD«
Ay = [1a20%)e® r N ans}f(ﬁa ching) {

™y
~i
e

\
“\;z"

i L]

<

. 2 & . ’ .
where e 15 the 2cmentary charee {em 2~ 5™t and me 1S the

nlectran rest mas

wr

{g;. B8roadering duy t6 resonanne interactiop of
like particles is dspendent on the inverse cube of moiezular
separation whereas tie broadening by two uniike narticles unger

<he same intevactivn force has an invorse sixth power dependence

on the molecular separation.'® Resonance hruadening per ctoa is

therefore very large. At 760 torr-and f =1.0

wty

or the Na doubiet,
calculated values of ar . are 0.442, 0.9421, and 0.00486 E at
No= 1.01x10™ , 1.70x10°7 , and 1.11x10"° cn™™  for formula groups
1, 2. and 3 respectively.

Hooymayers™ describes the quenching oroces:s as a shortering of
the radigtive Tifetima. The equation for quenching line ha F-width
iy

b= ~ -
& {A) <10 C[AL +C (TYY2ne . (28)

2 1 =1

L2
Lalculated valves of ax_ are 0.0014, 0.0022, and 0.7057 A at

760 corr for Tormula groups 1, 2, and 3 resprctively.
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Optical Thickness
To evaluate Eq. 7, the opticai thickness at physical depth 2

of the sodium resonance iine is
‘?(Z) = (h\,: /(4:: Av ))(N B -NB }Z s (29}
[ o 1012 Lcl oA |

where 8 and B , the tinsteiw absorpticn and induced emission

5 -
[ R 23

coefficients, are vqual. The number density H1 and ﬁo of
sodijum atoms in the lower [*S) state and spper (*P) state,
respectiveiy, have average values inside the flame independent of

fiame depth z{cm) . The Doppler half-width 4, 1s in unils of

D

frequsncy. N ard N are :eilated {9 Ho by the Boltzrann

ke 2

factor, exp{—hu/kTﬁ) where N = B and N is negligib’e in

SStnesison to H . Total epiical thinkness 7 is obtained
1

from Eq. 29 when

equals the telel physicxl flame depth 7,

<

ie. 7=<{z').

Radial Tempsrature Prefile in Flame
The mass flow of a flare flame is characteristically along
the flame axis. The optical path of interest in this resgarch
is along the flame radius, perpendicular to the mass flow., The
radial temperature gradient T'(z}, along the optical path, is
needeq For evaluation of the radiative traasfer eguation where

T*{z) appears as a varameter of the PiLpck function, :
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There are tvn':ypes7:f flane boundaricsrgf interesi here.

?hé phy:ical bovndary is defined as tie location ~f the interface
beiveen the amdient air and the flame medium coucaining sodium
atems. Tn2 optical Laundary is defined az the Tocation in the
flame medium where luminescence ceases. These boundaries are

not far apart rhysically. The tamperature of zhe phy=ical boundery
mist be beley that of tne optical boundary.

The radiative transfer calculation is sensitive to ihe tomperature
profile and physical bounaary temperature. Parabolic temperature B
profiles have been reported”’ for high temperstuce media whose
compesition can be Tikened o the flare Fiame. Lewis and von Elbe®™®
reported that sodium D line emission c¢isappears below 1772°K, providing
a semperature estimate for the outical bowadary. Lowie™ assigned a
tempera:Lre of T200°K to the physical (outer! boundary of a discharge

in sodium vapor. B82sed on thz 2bove informaticn, an approximately

o

parabolic temperatura gradient T'{z] was conscructed numerically 1o
simulate the radi2l tempereture gradient in the flare tlame. A 1220°% .
physick? boundary terperatuvre vas used. The veiperature at the vertex
éf the parabela, coincident with the flame center {2°'/2), was acsighed

cqual to Tc, the ad’abatic temnerature.
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DISCUSSION

Theoretical ¢, and experimental @A' relative radiant power
spectra are plotted in Figs. 2 and 3 for the three formula groups
at 2 levels of ambient pressure. Visual comparison of ¥, with
éxi fur each pressuie- formuia combiration shows that the distribution
compu‘ed from theory agrees quite well with the experimental
distribution. A more detailed comparison can b2 made by considering
relative values of thres parameters which serve to characterize
the spectrum.A These ave oW, amd W' the distance from the
sodium D, Pine waveisngth to the wavelength of maximum fiux density,
W and AW, " the spectrum kaif-width, and ¢ and ' the-
relative radiant powey of the sodium D line emissivn, the superscript
prime denoting the experimental parameter.

Some additional Teatures appear in the experimental spectra
shown in Figs. 2 and 3. These are {a) Mgl 50°P - 4575 transitions
at 816.7, 517.3 and 518.4 nm, (b} Ral 3p°P - 447D and 3p~P - 55°S
transitions a2t 568.3, 568.8, 615.4 and 615.1 nm. (c} KI 4p"P - 757§
and 4p°P - 54D trapsitions at 578.2, 580.2, 581.2 and 583.2 nm,
{(d} a diffuse dand, adoul Snm wide, with maximum near 574 nm
tentz+ively assigned®® as being due to Ka emission betwzen an
upner level bound state ts a lower level repulsive state, and

(¢} a ®316s°S - 6p'P trarsition at 553.6 nm, barium being on

inpurity ronaining from the borcn-barium chromate composition zied
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to ignite the flares. No attempt was made tec predict these features
theoretically. Ont, sodium D line emission was treated ia the
radiative transfer model.

Careful visual examination of the radiant power spectra in
Figs. 2 and 3 reveals that at line center and in the region between
the two sodium O lines, theory predicts less radiant power than
that observed exparimentally, narticularly when NO is greater
than 1077, This difference is expected because the model uses
average N for all flame regions and does not take account of
substantiai depletivm of N_  (hence N?) near the flame boundary
gs sodium atoms reaci with air to form Na 0 and Na 0. In the
line wings, the experimental power tends to be greater than that
tnzoretically predicted . several cases particularly at higher
R, bECQUSE*éf continuum radiation from condensed flame species
such as solid magnesium oxide {seoke).

Perameters 4l for the thsoretical and awﬁ‘ for the
experimentai spectra are ploited in Fig. 5. Except for the group 1
forrgla at § torr, where flare combustion was quite irregular making
the experimental value doubtful, there is good agrcement between
the two val:es.

fhe ihxeoratical LW, and experimentally measured é%%‘
rt pover spectra are plotted n Fig, 6 for

LU O

half-widths of fhe radi

comparisun. Each of the coniinuous solid linss represents the

theoref cally determinad haif-width of sodium rescnance lines
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taken as a doublet. At these pressures and for these formuia
grouns. the indivigual codium D lines cverlap {o such & large degreé
that ¢ half-width of the singie line connot be determined
from the spectra. The dashed 1inz and the individual points in
Fig. 6 correspond to spectea in which half-width values of less
than 10 angstroms are observed. In this region, overtap betwesen the
sodium D lines is small enough to requivre determination of the singie
Tine palf-width. Although parameter Aw%' fluctuates consicsrabiy
while the flare is burning making # representaiive value difficult
to obtain, theve is good agreement in all cases between the theoretical
and experimental values plotied in Fig. 6.

The thecretical ¢ and experimental ¢' totasl radiant powor
emitted in the region of “ne sodium D Tinas are plotted in Fig. 4
as a function of ambient pressure. ¢ and ¢' both decrease with
[rassure, bui the difference between the ¢ 2znd 9' increazes
as the pressure decreases, Additionatly, substantial dispersion
of the experimental data is evidert. Three factors contribute tu
the observed differances. First, combustion irregularity and fluctu-
ating emissive flux were visually observatie for all flares tested
at 75 toor or less. These difficulties became more apparent as the
pressure was raiuced, Secondly, during the low pressure experiments,
tne intense radiztive zone of the “lame was visibly displaced
cutside the ragion vievd by the spectrogrash, resulting in

Tow powar values for ¢'. Finally, as discussed earijor, Sia i7 .
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approximation is least acceptable at the Tower pressures. The
increasing-deviation from LTE as the pressure is reduced makes
assignment of the Planck value tc the peak power increasingly unreliable,
jeading to overestimates of power values for ¢. Even in the presence
ot large “Tore output fluctuations and increasing differences between
¢ and ¢' at the low pressures, the agreement between experimental
anu theoretical data is acceptable.

In summary, it has been shown that the spectral radiant power

dist»ibution of a pyrotechnic illuminating

dy

lare flame can be

predicted by e two-line radiative transfer model which has been described.
Tihis can be done without intreducing assunptions which require id hoe
modifications of the model to describe different fiares. Known system
variables such as flare formuia, flare size, and ambient pressure are

the necessary and sufficient input needed for the theoretical prediction.
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TABLE I. Flare Formulations

Formula Groups

Ingredients 1 2 3
Magnesium 34.0° 40.4  40.04
Sodium nitrate 51.5 5.15 0.515
Potassium nitrate - 43.95 54,945
£poxy binder mix 4.5 4.5 45

*percent by weight
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Table 1I . Flare mean burning time, computed number density of

sodium atoms in flame, and computed adiabatic flame temperature
of 3 flare formulas at 8 ambient pressures.

Pressure

Flare Formula Groups

Quantity 1 2 3
&t sec 28 28 26
el
(80 H on™® 1.01x10'  1.10x107  1.11x10'8
T Kelvin 2939 2905 2904
at 31 30 33
239 N 8.46x10'7  9.20x10'®  9.26x10%°
T 2920 2847 2886
st 30 35 37
o N, 4.08x10'7  4.44x1076  4.47x10°¢
T 2842 2816 2815
at - 38 39
23 N, 3.08x10'7  3.36x107  2.37x10'5
T 2812 2788 2787
at 35 41 44
150 N 2.07 17 1a 9 }\15
torr R .07x10 2.24x10 2.26x10
T 2770 2748 2747
st 37 45 a7
.
cor? N, 1.05x10  1.14x10%C 1.15x10'
T 2698 2680 2679
at 52 59 66
con N 4.2030%  4.65x10'S  4.65x10"
T 2606 2592 2591
5t 75 .- --
rore H 8.90x10'S  9.63x10"%  9.70x10"
T 2453 2443 2442
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TABLE IIl. Va.ues of the source function S{t) as a function of depth

¢ when y =0.5 and 2 =0.01.

s(x) T
0.7070 0.0 front of fiame
0,7288 0.1
0.7919 0.5
- 0.8598 1.0
0.9540 5.0

0.9802  1.0x10°
0.0961  5.0x10°
0.9373  1.0x10°
0.9567  5.0x10°
0.999c 1 oxi1¢®
0.2994  5.0x10°%
0.9996  }.0x10°
0.9997  5.0x10* flame center

0.7070  1.0x10° rear of flame




]

Fig. 1. A schematic of the experimental set up.
Legend: G - glass plate, H1, W - windows, F - flare,

A - Aperture, L - irradiance standard, M - retractable mirror,

and S - slit and shutter.
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Fig. 2. iiluminating rlare Fiame Spectra for formula aroups 1, 2, and
3 at 4 levels of ambient pressure. Theoretical relative radiant power

values ¢, are indicated by boxes (). Experimentally detzrmined

X

refative radiant power values @A' are shown by the soiid Tine.
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Fig. 4. Theoretical ¢ and experimentally measured ¢' flare
relative radiznt power as a function of pressure. ¢ valuvas are
shown for formuia groups i, 2, and 3 by the solid lines ard ¢
values ave indicatea by (O, ék , and X for formula groups 1, 2,

and 3 respectivaely.
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Fig. 5. Theoratical &wa and experimentally measured awn‘ widths
between sodium D2 resonance line center and wavelength of maximum
spectral flux density as a function of pressure. AHR values are
shown for formula groups 1, 2, and 3 by the solid Tines and awa
values are indicated by (', /A, and X for formula groups 1, 2, and

3 respectively,
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Fig. 6. Theoretical aw% and experimentally measured aW.' half-
%

widths of the radiant power spectra as a function of pressure. AW

o

- values are shown for formula groups 1, 2, and 3 by the continuous
s0lid line, the single points, and the dashed line. aW,' values are
: z

shown by &, ZE , and X for formula groups 1, 2, and 3 respectively.
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APPENDIX A

RELATIVE POWER SPECTRA OF ALL FLARES TESTED
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Figure F1

Pelative Dower spectre of fest flare
g
!

group 1, burned at 760 torr ambient pressure.

-
[
A
H

7

Zz , formula
fig top two specira
are normafized with the peak value equzl to unity. 7

he Togys of

the spectral power is plotted in the bottom spectra. Flare formula
group 1 contains 44.0% magnesium, 51.5% sodwum nitrate, and &£.5%
binder.
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group 1, burned at 75 torr ambient pressure,

are normalized with the peak value equal to unity.
tne spectrai power is plotted in the bottom spectra.

Relative power spectra of test flare 123 , formula

The top two spectra
The log,, of
Flare formuia

group 1 contains 44.0% magnesium, 51.5% sodium nitrate, and 4.5%

binder.
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Figure Al3,
group 1, burned at 75

are normalized with the peak value equal to unity.
the spectral power is plotted in the bottom spectra.

torr ambisnt pressure.

Relative power spectra of test flare 123 , formula

The top iwo spectra
The 1o0g,. of
lare formula

group 1 contains 44.0% magnesium, 51.5% sodium nitrate, and 4.5%

hinder.
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Pelative power spectra of test flare 74
group 2, burned at 760 torr ambient nressure.
are normalized with the peak value egual to unity.

the spectral pows- is plotied in the bottem spectra.

WAVELENGTH - MICRONS

, formuia

The top two spectra

The log., of
Fiare formula

group 2 contains 4u.4% magnesium, 5.15% sodium nitrate, £9.95%
patassium nitraie, and 4.5% binder.
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Figure A26. Relative power spectra of tast fiare 144 , formuia
group 2, burned at 760 torr ambiert pressure. The top two spectira
are normalized with the peak value equal to unity. The log.o of
the spectral power is pletted in the bottom specira. Flare formula
group 2 contains 40.4- magnesium, 5.:18% sodium nitrate, 46.55%
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potassium nitrate, and 4.3%5 binder.
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the spectral power is plotted in the bottem specira. Flare Formula
group 2 contains 40.4% magnesyum, 5.153 sodium nitrate, 4¢.95%
potassium nitrate, onu &.5% binder,
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Figure A28. Reiative powsr spectra of test flave 2614, formula
group 2, burned at €30 torr ambient pressure. The top iwo spectra
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potassium nitrate, ard 4.5% binder.
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Figure A30. Relative power spectra of test flare 262A, formula
group 2, burnad at 630 torr ambient pressure. The top two spectra
are normalized with the peak value equai io unity. The log,; of
the spectral power is plotted in the bottom spectra. Fiare formula
group 2 contains 40.4% .gnesium, 5.15% sodium nitrate, 49.95%
potassium nitrate, and 4.5% binder.
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Figure A31. Relative power spectra of test flare 2628, formula

group 2, burnad at 630 torr ambient pressure. The top two spectra
are normalizea with the peak value eque! to unity, The lcg,. of
the spectral power is plotied in the bottom spectra. Flare formula
group 2 contains 40.4% magnesium, 5.15% sodium nitrate, 49.95%
potassium nitrate, and 4.5% binder.
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Figure A37. Rerative powsr specira of test flare 143B, formula
group z, hurned at 225 torr ambient pressure. The {op spectra
are normaiized with the peak value equal te unity. Th , of
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the spectral power is ploited in the bottom spectra. Flare formuia
&

group 2 contains 40.47 magnesium, 5.15% sodium nitrate, 49.95%
pnotassiom nitrate, and 4.5% binder.
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Figure 739.

Relative power spectra of test flare 47
group 2, burned at 150 torr ambient pressure.
arg normaiized with the peak value equal to unity.

the spectral power is plotted in the bottom spectra.
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group 2, burned at 150 torr ambient pressurz. The top two spectra
are normalized with the peak value equal tc unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
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Figure A41. Relative power spectra of test flare 55 , formula
group 2, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 2 contains 40.4% magn~<(um, 5.15% sodium nitrate, 49.95%
potassium nitrate, and 4.5% binder.
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Figure Ad4. Relative power spectra of test flare 120 , formula
group 2, ourned at 75 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 2 contains 40.4% magnesium, 5.15% sedium nitrate, 49,954
potassium nitrate, and 4.5% binder.
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Figure Ad6,
The top two spectra

group 2, burned at 30 torr ambient pressure.
are normalized with the peak value equal to unity. The log,, of

- the spectral power is plotted in the bottom spectra. Flare formula
group 2 contains 40.4% magnesium, 5.15% sodium nitrate, 49.95%
ootassium nitrate, and 4.5% binder.
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Figure A50. Relative power spectra of test flare 106 , formula

group Z, burned at 30 torr ambient pressure. The top two specitra

are normalized with the peak vatue egual to unity. The log,, of

the spuctral power is plotted in the botiom spectra. Flare formula

group £ contains 40.4% magnesium, 5.15% sedium nitrate, 45.95% )
potassium nitrate, and 4.5% binder. - _
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Figure A51. Relative power spectira of test flare 104-6, formula
group 2, burned at 30 torr ambient pressure. The top two spectra
are norme’ized with the peak value agual tn unity. The log,, of
the spectral power is plotted in ihe bottom spectra. Flare formula
grotp 2 contains 40.4% magnesium, 5.15% sodium nitrate, 49.95%
potassiux nitrate, and 4.3% binder,
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Figure A52. Relative power specira of test flare 68 , formuia
group 3, burned at 760 torr ambieni pressure. The top two spextra
are normalized with the peak value egual to unity. The Togsg of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder. }
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Figure AB3. Reiative power spectra of test flare 77 , formula
group 3, burned at 760 torr ambient pressure, The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Fiare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A54. Relative power spectra of test flare 147 , formula
group 3, burned at 76C torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The Tog,, of
the spectra} power is plotted in the bottom spectra. Flare formula

. group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A55. Relative power spectra of test flare 147 , formula
group 3, burned at 760 torr ambient pressure. The top two spectra
are normalized with the peak value eoqual to unity. The 10g.q of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A56. Relative power spectra -of test flare 147 , formula
group 3, buraed at 760 torr ambient pressure. The top two spectra
are normalized with the peak value egual to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 30.04% wagnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A58, Relative power spectra of test flare 4B , formula
group 3, burned at 630 torr ambient pressure. The top two spectra
are normalized with the peak value =qual to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium ritrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A5¢. Relative power spectra of test flare 1184, formula
group 3, burned at 300 torr ambient pressure. The top two spectra
are normalized with the peak value equal v umity. The log,, of
the spectral power is ploited in the bottom spectra. Flare formuia
group 3 contains 40.04% magnesium, 0.515% sodium nitrate. 54.945%
potassium nitrate, and 4.5% binder.
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group 3, burned at 300 torr ambient pressure.
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Figure A61.

group 3, burned at 225 torr ambient pressure.
are normalized with the peak value equal to unity.

the spectral power is plotted in the

group 3 contains 40.04% magnesium, Q.

potassium nitrate, and 4.5% binder.
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Figure A62. Relative power spectra of test flare 1488, formula
group 3, burned at 225 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A64. Relative power spectra of test flare 52 , formula
group 3, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesiwn, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A65. Relative power spectra of fest flare 556 , formula
group 3, burned at 150 torr ambiznt pressure. The tor two specira
are normalized with the peak velue sgual to unity. The lo6g;, of
the spectral power is plotted in the botiom spectra. Flare formula
group 3 contains 40.04% magnesium, £.51%% sodium nitrate, 53.945%
potassium nitrate, and 4.5% binder,
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Figure A66. Relative power spectra of test flare 111 , formula
group 3, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the speciral power is plotted in the botiom spectra. Flare formula
groun 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A67. Relative power spectra of test flare 126 , formula
group 3, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The logyo Of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.315% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A68. Relative power spectra of test flare 129A, formula
group 3, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value egual to unity. The l0g,, 0Of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A69. Relative power spectra of test flare 129B, formula
group 3, burned at 150 torr ambient pressure. The top two specira
are normalized with the peak value equal to unity. The log,q OF
the spectral power is plotted in the bottom spectra Flare formula
group 3 contains 40.04% magresium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A70. Relative power spectra cf test flare 121 , formula
group 3, burned at 75 torr ambient pressure. The top two spectra
are normalized with che peak value equal to unity. The log,o of
the spectral power is plotted in the bottom spectra. Flare formuia
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder,
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Figure A71. Relative powzr spectra of test flare 124A, formulz
group 3, burned at 75 torr ambient pressure. The top
are normalized with the peak value equal to unity. The log,, of
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Figure A73. Relative power spectra of test flare 24A , formuia
group 3, burned at 30 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,s of
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group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figura A74. Reftative power spectra of test flare 24B , formula
group 3, burned at 30 forr ambient pressure. The top two specira
are normalized with the peak value equal to unity. The log,o of
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Figure A76. Relative power spectra of test flare 42 , formula
group 3, burned at 30 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitraie, 54.,945%
potassium nitrate, and 4.5% binder.
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Figure A77. Relative power spectra of test flare 44 , formula
group 3, burned at 30 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log;o Of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% binder.
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Figure A78. Relative power spectra of test flare 97 , formule
group 3, burned at 30 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, Of
the spectral power is plotted in the bottom spectra. Flare formula
group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
potassium nitrate, and 4.5% birder.
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potassium nitrate, and 4.5% binder.

The top two spectra

The lvg-o of
Flara formula

£4,945%

OB ERL T U S5 H
1
1
) H
-}
8
.
- Ly
1
4 , ’
[ B
‘ .
5 " i
4 .
1 1
H o5
: il
2 |
1o
_,\Au}&j
L h‘mJ
585 586 56~ %83 585 Sy 59! 592 593
WAVELENGTH - MICRCNS
% g L L . HLH
? !
1
|
i
’ i
i
s,
H i 5
g } ﬁ %
! el i
H jU !
. R E T \.«&u {
|
2 {
i
N §
s L !
555 &85 %8~ S8F %32 59y %y % EM




~135-

U G [N 73 HH [5G/ L5} Ly 21 I
1t 1o
29 09
g i
gce o8
2 a
67 Yo
fi' o
S06 Zos
-
< 5
x5 55
W w
o4 i 2o
< <
e 413
vy R
© «
t 2 £ 2
R ¢ ’ J \
JU ) LV

“

o
“
»

S5 SIC %87 533 53y 6% 581 S 59% 85 580 527 588 %08 %% 5M 5 533
 WAVELENGT- - MICRONS WAVELENGTH -~ MICRONS
I QLT LT 72, OIS S AT H
3 3
2 2

RELATIVE RADIAMT § OWER
RELATIVE LOUMINOUS POWER

fo2
i I ’ |
i i
i o
| VI -* \
USRI \ \saéqu o vj J
it ) -2
-3 ’ -3 S r—
8¢5 SES SR S8 5¢%  2%) 53 532 533 535 58z .387 583 Sy 5% 5¢ SR 338
WAVELENGTH - M]CRONS WAVELENGTH - MICPONS

Figure A80. Relative power spectra of test flare 107-10, formula
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DERIVATION AND INTEGRATION OF
RADIATIVE TRANSFER EQUATION

Derivation

The contribution by any differential volume element dz « do
to the intensity of a flame,‘taken to b2 a slab of plane parallel
stratification, is determined by the balance of emission and
absorption of energy within the volume element where dz and do
are element thickness and crass-sectional area respectively. By
convention, the 2z axis is taken to be normal N to the slab and
measured from z = 0 at some point‘outside the slab toward the
center of the siab, On the other hand, the direction of flux flow
s 1is taken to be positive in the direction of the observer outside

the flame with © being the angle between s- and N. Therefore,
s = -z secO0 and ds = -dz seca (B1)

as shown in Fig. Bl.

The increment of intensity lost by ausorption is
-4l ¥ =k 1ds (r2)
v vV

where kv is the Tinear coefficient of absorption and Iv is
the specific intensity of light of frequency v incident on the
rear of the volume element along path ds. The energy emitted

withir this same volume element is

W RO MM N Ve
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de © = e dv du dt ds coso de (B3)

v

where €, is the monochromatic volume emission coefficient

through solid angle dw and time interval dt. Alternatively,

in terms of its specific intensity, this epergy is

dEVe = dlve dv dw dt coso do . (B4) :
It follows from Eqs. (B3) and (B4) that

di,%/ds = ¢ o (85) E
and from Eq. (B2) that

d1,%/ds = -k 1. (86)

Combining £qs. (B5) and (B6), the emission and absorption contri-

butions to the intensity, leads to

dI /ds = -k 1 +e . ' (B7)

ALY v

Substituting Eq. {B1) into (B7) gives the following equivaient

expressions
dl /(~dz sece) = -kav te, s ‘ (B8a)
~cos®(d1v/dz) = -kav te, . and (88b)

u(dl 7dz) = k1) - e (B3c)

where u = ¢osd .




~-139-

It is now conveniert, mathematically. to combine the emission
and absorption coefficient to define a source function

s, = e/k, B (B9)

and to define the differential element of menochromacic opticai

depth
dt, = k dz . 7 (810)

Dividing Eq. (B8c) by k, anc. substituting Egs. (B9) and (Bi0),

the differential equation of radiative transfer becomes

u{dlvfarv) =1 -5 . (811)

v

Introducing the normalized profile of the absorption ccefficient

¢, defined as

o

o, Tk /I kdv, (B12}

v v J
0

the monochromatic optical depth differential elcmeant is desci ibed

by

de =6 dr . (B13)

Substituting Eq. (B13) into {B11) leads to another form of the -

radiative transfer equation,

n(dI /de) = 4 (I, - S) . ’ (B14)

\Y
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Integratiocn
Formal integration of the radiative transfer equstion can be

completed as follows. Divide Eq. {B14) by u and rearrange to get

- (A1 sdt) - (19

v

fu) = -S9./v . (815)
Multiply through by expl-t¢ /u) to get

[(d1 /at) exp(-to /u)] - [(1,9 /u) expl-to fu}] = -[(S ¢ /u} exp(~<¢ /u)].
{B16)

Since the left side of Eq. (Bi6) equals @&[I exp{-t¢ /u)]/d7 .

substitution ieads to
dil, exp{-+e /u)l/dv = -[{S ¢ /u} exp(-t¢ /u)] . {B17)

The integral form, with T the Timit toward the froat of the

atmosphere and t_ the 1i :oward the rear, is

b4

r3=T si=T

1
dé[1, expl-t9 fuj}] = -[ [(5,6 /u) exp{-te /u}ldr . (Bi8)

ST A=t

-
=4 2

Integrating Eq. (B18) gives

r =T
3
L, expl-x ¢, /)] - {1, explor 9 fu)] = —§ (s ¢,/u) expl-o /u}lde
Jr=z (B13)
2
where Iﬂ1 is intensity at T, and Iv2 is intensity at T, -

Kext, by mulcipiying througn by EXP(Tiév/p), and using the identity
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[exp(-= ¢ /u)Ilexp(+1 ¢ /u)] = exp(0) = unity , (820)

we c¢btain

r =7
i 1
L, = I, exp{-(rz—r1)¢v/u] ij (Svév/u) exp(-r¢v/u) EXD(T1¢V/u)dT .
T /Tt
2

{(B21)

By combining terms under the integral, changing the limits and thus
the sign, Eq. (B21) becomes

1 2

Tog = g expl-(r -7 )¢ /ud + (S,8,/u) expl-(r-v )¢ fulde . {B22)
- T=T

1

€q. (B22) shows that at a given v and u » the intensity I,

emerging from the atmosphere at any T is egual to the intensity

I\,2 incident at T, attenuated by the atmosphere between v and

3

, Plus the integral of the source function incrementally attenuated
by the atmosphere between T

-
<

and <
1

The form of Eq. (BZZ) is simplified for the present case by

considering (a) only flux emerging normal to the surface (p=1) and
“(b) no flux is incident on the réar surface of the atmosphere {Iv2=0}.

Under these conditions, integrating from the front surface, where

z and T, are 0, to the rear surface where the total optical

thickness T = t_, the monochromatic emergent intensity is

1
H

. N ; S, exp(-t¢v)dr . (B23)
jT:O
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APPENDIX C

PROGRAM LTE4 TO SOLVE RADIATIVE TRANSFER EQUATION
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PROGRAM LTE4 TO SOLVE RADIATIVE TRANSFER EQUATION

This is the main program used to solve the radiative transfer
equation (Eqn. 7) as described in the THEQRETICAL Section. It
computes the relative radiative power spectrum of a pyrotechnic
i1luminating flame from known system variables such as flare
formula; flare size, and ambient pressure. It considers only
flux emerging normal to the flame surface and that no flux is
incident on the rear surface of the fiame. It solves the LTE
case using the Planck function as the source function. A two-line
Voigt profile as a function of frequency ic constructed in the
program for a specified value of the a parameter. The radial
temperature profile in the flame aiong the optical axis is constructed
in the program as speciiied by input parameters.

Only variables in the NAMELIST statement of the program are
needed fo operate the program. These are:

a. AM - Voigt parameter q.

b, NFREQ - number of frequency intervals in Voigt sub-
routine. The number of intervals and width of the
interval define the frequency range over which computations
ars perfcermed.

¢. F - Soppler half-width in frequency units. When
F = zerg, F and DHN are computed. When F is provided
as input, DWN must also be provided as input.

d. DiK ~ Doppler width in wavenumbers.




5
-

[ SN

STEP - input _ption used as a scalar.

STEP * DUN - distance in wavenumbers between successive
values of X in Voigt profile. This product controls
the width of the wavelength interval between computations.
0Si - oscillator strength of D1 line.

0S2 - oscillator strength of D2 Tine.

0S - oscillator strength sum of 0S! and 0S2.

XLAM - waveiength of point ﬁaIfWay betwean the D line
doublet. This parvameter is used to compute DilN.

JLAMI - wavelength of D1 Tine.

XLAM2 - wavelength of D2 line.

Z - total physical depth of flame in cm. I must be
provided in multiple of .062 cm.

TEMPL - temperature in kelvin used to compute F and
-DKN.

DENS - sodium atom number density in the flame.

M - integer in Simpson rule of 2M intervals used to
perform integration.

TORR - ambient pressure in torr.

GROUP - tu.mula identification. Onty used for caption
printing.

TEMPS - array of temperatures of the flame at various
depths. A TEMPS value at the flame boundary (TEMPS{1))
and at the flame middie (TEMPS{{Z*8)+1)) must be
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orovided as input. Between these points, TEMPS values
at‘intervais of .062 ¢a are input as necessary to
construct the profile desired.

t. PUNCH] - Tlogical variable. If true, non-normalized
radiant power spectrum is punched on cards as well as
printed.

u. PUNCHZ - logical variable. If true, the radiant
pover spectrum, normalized so that the maximum equals
PLNK2, is punched on cards. PLNK2 is the Planck value
at XLAM and TEMPS((Z*8}+1).

v. PUNCH3 - logical variable. If tvue, the lumincus
power spectrum, novmalized so that the maximum is unity,
is punched on cards.

w. HNDUPS - integer variabie which specifies number of
duplicate sets of punch card output one gets when PUNCHI1,
PUNCH2 or PUNCH3 are true.

X. PLOT! - logical variable. If true, the computzd power
specira are plotted by the printer.

y. DBUG and DBUGZ - Togical variables. If true, intermediate
printing takes place.

A Tisting of PROGRAM LTE4 is given on the following pages.
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PROGRAM LTEG( INPUTs OQUTPUT«TAPES=INPUT « TAPES=OUTPUT 2 PUNCH)

STATEMENT NUMBE®S USEN
NEXT STATEMENT NUMBER 15 .-
131
coascoeRss  NOTE nsecescass
LTE3 CONVERTED 79 LTE4 14 SEP 72 BY COMPUTING LUMINOUS POWER.
SUBROUTINES COREKXT.EYEBAL AND BLOCK DATA EYES ADDED.

UPDATED 12 SEP 72 TO PUNCH OUTPUT,

15 AUG 72 UPDATE TO MORMALIZE TO PLANCK YALUE AT XLAM
AND CENYER TEWPERATURE. ALSO GETS INTTGRAL VALUE OF SPECTRUM,

UPDATED 31JULY72. PULT IN OSCILLATOR STRENGTH YALUES FROM
HANS GRIEM BODK PLASMA SPECTROSCOPY.

PROGRAH L.TE2 IS A MODIFICATION OF LTE) TO INCORPORAYE A
2~LINE VOIGT PROFILE.

PROGRAM LTE]l DOFS SINGLE LINE PROBLFM IN THERMAL EQUILISBRIUK.
IT USES ASSIGNED (INPUT) THERMAL GFADIENT (SYMMETRICAL) TABLZ.
WE NEED INPUT DATA AS LISTED IN NAMELIST IRPTY

IT IS SET UP TC 00 ONLY SODTUM PROBLEMS.

TO DO OTHER L INESs CTHANGE XMASS IN SUBROUTINE DOPPLER,

INTEGER 7HALF

COMEON™/B6/42(392)

DIMENSION EINT?2€00)

DIMENSION RY142000)4XV2(2000)+XV3(2G00).PHI1 (20002 +PHI2(2000},
PHI3(2000)

DTMENSION TEMPS(201)« XVV (2000}

DIHENSION JL(101)

INTEGER P«0

INTHGER ZHP1

INTEGER GROUP

LOGICAL PUNCHI oPUNCHZ

LOGICAL PUNCH3

LOGICAL {BUG2

IRTEGER 2P}

EGUIVALENCE (XVVaXV3)  (EINTIXV2)

DATA Z2/1WHZ/

DATA P/S/y Q767

LOGICAL OBUG S -

LOGICAL PLOT!

NAMELIST ZINPTI/ TEMPSoMeZoF «OGoDENSsAASNFREQs TEMPL ¢ DN XLAM
+DBUGSTEP
«PLOTL
+0S1+0S2¢ XLANT # XLAM2
+GROUPs TORR, DBUG?
1 PUNCH1 « PUNCH2 + NOUPS
«PUKHCHR

PUNCHI AND PUNCHZ CONTROL OUTPUT PUNCH LLOOPS NEAR END OF

A e

™
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c MATN PROGRAH, 73
c NDUPS IS NUMBER OF DUPLICATE DECKS OF PUNCHED OUTPUT., 74
t IF PLOT1 IS TRUE(EMERGENT INTENWSITY IS fLOTICOD 75
o PRINT CONTROL : 76
c DBUG2 CONTROLS PRINT OF PKIl. PHI2s AND PI3, 77
c ORUG CONTROLS SOME PRINT. 78
¢ WHEN DBUG IS5 TRULs WE GET A LOT -OF PRINT OUTPUY, 79
¢ WHEN DBUG IS FalLSEs WE GET REDUCED PRINTING. 89
c DBUG IS INSIDE THE FREOQUENCY LOOP AND THUS PRINTS A LOT FOR FACH 81
c FREQUENCY, 82
c SEYTING OF NFREQ TO A LOW NUMBER WHEN DBUG IS TRUE 1S RECOMMENDED. a3
84
c STFPPDWN = THE DISTANCE IN WAVENUMBERS BETWEEN SUCCESSIVE 8s
c VALUES OF X IN VOIGT. 86
c HFREG = NUMBER OF FREQUENCY STEPS OF X .IN VOIGT NEEDED 87
c TO COMPUTE EINT. a8
c MFREQ CONTROLS DIMENSION OF EINT AHD XVV, 84
c NFREO COLYROLS DIMENSIOM OF XV1+XV2e¢XV3+PHI1sPHIZ2s AND PHI3. 90
c AVV IS EQUIVALENCED WITH XV3, %1
c XVV S AN ARRAY FOR ALL FREGUENCIES OF THE Xv, 92
C XV3 IS ARRAY OF WAVELENGTH OF THE 2~LINF VOIGT PROFILE. 93
o XLAM = WAVELENGTH HALFWAY BETWEEN TNE TWO LINFS 94
c XLAN IS INPUT IN ANGSTROMS, 95
c XLAHI = WAVELEMGTH OF D! LINE., LONGER WAVELENGYH OF THE TWO LINE 96
c XLAMZ 1S5 WAVELENGTH OF D2 LINE+« THE SHORYER WAVELENGTH GF THE THO 37
c LINES. &
c XLAMY AND XLAHM2 ARE BOTH INPUT IN ANGSTROMS, 99
c 0S = OSCILLATOR STRENGTK SUK OF THE TWO LINES. 160
c 0S1 IS OSCILLATCR SYRENGTH OF D1 LIMEs LONGER WAVELENGTH OF THE 101
c THO LINES. 102
c 0S2 IS OSCILLATOR STRENGTH OF D2 LINEs THE SHORTER WAVELENGTH 102
c OF THE THWO LINES. 104
c TEMPL = TEMPERATURE IN DOPPLER USEL TO COMPUTE F AND DHN, 10%
c DENS = ATOM {SPECIES) DENSITY IN THS ATMOSPHERE. N12. 106
c F = DOPPLER HALF YIDTH IN FREQUENCY UNITS. 107
¢ WHEN WE INPUT VALUE FOR Fv DOPPLER ROUTINE [S SKIPPED. 108
c WHEN WE INPUT F. WE ALSO MUST PROVIDE INPUT VALUE FOR DWN. 109
¢ DWH = DORPLER WIDTH JN WAVENUMBERS - 119
€ IF F=0.s OR F 15 OMITYED, F IS COMPUTED IN DOPPLFR USING 111
c TEMPERATURE VALUE PUT IN AS TE#PL. 112
c M = INTEGER IN SINPSON RULE FOR 2M INTERVALS. 113
c INTEGRAL TS DONE WITH SIMPSON RULE FOR 2M INYERVALS B § 1
c AA = VOIGT PARAMETER & 118
114
y 2 = TOTAL PHYSIGAL DEPTH OF ATMOSPHERE IN CM, 117
€ Z IS INPUT IN STEPS OF .062CM, 1IT 1S EXPANDED INTERNALLY TO 11R
¢ END UP AS AN EVEN WHOLE NUMBER. ( BY 24 )
’ 120
c TEMPS ARE THE TEMPERATURES OF THE ATHOSPHERE AT VARIOUS DEPTHS. i21
Y THE INDEX OF TEMPS IS THE INTEGER CORRESPONDING TQ 16TIMES THE 122
c NUHMBER GF .n62CM_STEPS OF Z PLUS 1, 123
- c TEMPS INDEX = ( 7®16)e} 124
c EXAMPLE. WMHEN DEPTH = ZERC CM+ INDEX = 1. 125
c WHEN DEPTH = 2,5 CHs INDEX = 4l. 126
c TO MULTIPLY BY 16ASSURES AN EVEN NUMBER CORRESPONDING TO THE 127
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c TOTAL PHYSICAL DEPTH, 128
[» THIS ALLOWS ONE TO INPUT A TEMPS AT INTERVALS OF 062 Ct 129
c TEMPS HMIDDLE INDEX = (ZeR)+}. 130
[ HE HUST PROVIDE TEMPS VALUES FOR DEPTH = 0+DEPTH = MIDDLE (CM)+ 3
C AMD OTHER VALUES BETWZEN 0 AND MIDDLE. 132
C TEHPS ARE INPUY IN DEGREES KELVIN, 133
134

1  CONTINUE 135

[ RESET INPUT VARIABLES TO DEFAULT VALUE 136
D0 2 J=1.201 137
TENPS(J)=0. 138

2 CONTINUE 1309
DUN=0« 140

I=4.0 14}

F=0, 142
DENS=0. 143

AA=G,. 144
STEP=]. 145
0BUG=FALSE. }‘96
GBUG2=.FALSE,. 147

IHR=0 1458

HIN=0 149
ISEC=0 150

H=0 151

H=200 152

M¥=100 1S53

8=50 154
051=0,312 155
0S2=0,624 156
0520514082 157
HFREQ=0 158
NFREQ=309 189
TEHPL=0, 160
TEMPL=3098. 161
XLAH=0, 152
XLAM=5892,935 ) 163
XLAR1=5895,.92 164
XLAM2=5889,35 165
PLOTI=.FALSE. 166
2LOVI=.TRUE. 167
PUNCHI=,TRUE, 168
PUNCHI=FALSE. i69
PUNCHZ2=,FALSE. 179
PUNCHh3=,FALSE. 171
PUNCH2=, TRUE « - 172
PUNCH3=,TRUE. 172
NDUPS=1 174

175

REED(P+INPTY) . 176

177

C PROGRAK TERMINATES WHEN M=0, 178
IF(®,EQ.0) CALL EXIY 179

iso

WRITE(Qe11) 181

11  FORHKAT(1HY) 182
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CALL DATE(DM»YE) 183

c CALL CLOCK(IMRsMINSISEC) 1R
HRITE(Q:63) DMy YEs THRsMINs ISEC 185

+  LGROUP, TORR 186

63 FORMAT{(2X+AlOsA2+4X+313y 187
@  S50Xs®GROUP2I3y F1G.0» ?TORRY) 188
WRITE{Gs24)MoZ+F s05SsDENS+AAsNFREGs TEMPL y DN XILAN» DBUGH STEP ige

3 +PLOTL 198

24 FORMAT(/¢ M IN THE SIHPSON RULE IS* 16¢/ 191
N ¢ o 7 THE OEPTH OF THE ATMOSPHERE IN CHM IS* F6,1s/ 192
# % F THE DOPPLER HALF WIDTH OF THE LINE IN FREQUENCY UNITS IS¢ 193

. ® Ei2.5¢/ 194
s # DS IS THE OSCILLATOR STRENGTH SUM OF THE TwW0 LINES. IT IS® 1958

e Fi0a3s/ 196

¢ & 05:5 THE SPECIES DENSITY IN THE ATHOSPHERE IM PARTICLES/CC JS* 137

* E12.5¢/ 198

# ® AA THE LITTLE A PARAMEYER IN THE YOIGT PROFILE IS¥ Fl0.5+/ 199

4 8 NFREQ IS THE NUMBER OF STEPS OF FREGUENCY IN EMERGENT INTENSIY 206
Y, IT 1S® I6s/ 201

* o TEHPL THE TEWPERATURE IN THE DOFPLER COHPUTATION IS%F3.3+/ 202

* o PWN IS DOPPLER YIDTH IN WAVENUMBERS. DHN IS®F16G.3¢/ 203

® & XLAM THE WAVELENGTH HALFWAY BETWEEN THE TWO LINES IN ANGSTROHS 204

& 15¢ 208

8 F10,3+/7 & DBUG=®" Lbs/ 206

% & STEP TIMES DWN IS THE DISTANCE IN WAVENUMBERS BETWEEN SUCCESSI 207
YYE YALUES OF X IN VOIGY, STEP =#F7,3:+/ 208

& & PLOTYI=®%L4 ) 209
WRITE(QeB81)10S1 OS2+ XLAKY s XLANZ 210

81 FORMAT( Z1}
® & (0S] THE OSCILLATOR STRENGTH COF THE Dl LINE 1S5% Fl0.3+/ 2l2

® & (S2 THE OSCILLATOR STRENGTH OF THE D2 LINE IS# F1G.3+/ 213

# o X AM] THE WAVELEHGYH IN ANGSTROMS OF THE D1 LINE IS*F10.3+/ 214

4 8 XLAMZ THE WAVELENGTH IN ANGSTROMS OF THE D2 LINE 150F10.34+/ 218

& ) 216

B 217

[» INITIALIZE VOIGT FUNCTION ROUTINE. 218
DUMMY L =COFVOT (DUHMY2:DUHMY 3} gég
ZA=16. 221
Z4=2%2A 2a2
062=0.062 ’ 223
0125=0.125 224
ZP1= IFIX(Z4)+} 225
IF{«NOT.DRUGE GO YO 86 226
WRITE(Q+10) 0624+ (TENP3IJ)+Jd=1+2P1) 227

86 CONVINUE 228
10 FORMAT(® THE TEMPERATURES AT VARIQUS DEPTHS IN THE ATHOSFHERE® 22¢
& /8 QYHERE TRE TEHPS TNDEX CORRESPONDS TO THE PHYSICAL DEPTH AT IN 230
“TERVALS OF® F6,3% CH, ARE® 231

& /7 (SX+10F8,0)) 232
WRITE(QsD3) 0562,0125 - 233

93 FORMAT( ) 236
@ % THE FOLLOWING RELATES TO TEMPS IMDEX ¥/ 235

* # INDEXa1 MAPS TO DEPTH=ZERO CM%/. 236

® &  INDEX=2 MAPS TO DEPTH=+# F6.3% CMe%/ 237
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& a2 JNDEX=3 MAPS TO DEPTH=® F6.3% CH+ETC,.®
® /% TEMPS MIDDLE INDEX={Z TIHES 8)+1 +#

L

NEXT COMPUTE F AND DYN WHEN WOT PROVIDED IN THPT1.

TEMPL = TEMPERATURE (INPUT) FOR DOPPLER SUSROUTINE.

IN DCPPLER YHEN 2ND ARGUHENT = Os WE FIND F AND DWN (OUTFUT),

AKY = COMPUTED DOPPLER HALF WIDTH IN ANGSTROHS AT TEHPL.

F = DOPPLER HALFWIDTH IN FREQUENCY UNITS.

DOPPLER IS ENTERED WHEN WO VALUE FOR F IS GIVEM IN NAMELIST INPT1.
DOPPLER IS SKIPPED IF WE FROVIDE VALUE FOR F.

DWN = COPPLER HWIDTH IN WAVENUMBERS

IF(F (NE. 0.) GO TO 2}

CALL DOPPLER(ALAMy Os TEMPLs Fo¢ DVWN AHW )

HRITE(Q+22) Fr DWHeAHW

FORMAT({//% THE COMPUTED DCPPLER HALF WIDTH IN FREQUENCY UNITS =#
*® E12,5+/ -
% & THE COMPUTED DOPPLER WYDTH DUN IN WAVENUMBERS =9F10,3+/

# @ THE DOPPLER HALF WIOTH AMW IN ANGSTROMS 1IS® F10.5+/ )
CONTINUE

COHPUTE PLHNKI]

PLNK] = VALUE OF PLANCK FUNCTION AT FREQ XLAM AND 3098 K.
CALL PLANCK( 2098.9 XLAMe 2 +PLNKLI ) -

NRITE(Qs23) XLAKWPLNKL

FORMAT {//% VALUE OF PLANCK FUNCTION AT CENTER FREQUENCY® F10.3s
¢ & ANGSTROHS IS# E12.5+/)

FOR CONVENIENCEs ¥E INPUT TEMPS ONLY FROM DEPTH=0 THRU DEPTH

= MIDDLE.

WE ASSUME THE TEMPERATURE GRADIENT IS SYMMETRICAL ABOQUT THE
HIDDLE. NEXT WE GENERATE THE TEMPS BETWEEN MIOODLE. ZHALF+ AND
THE REAR BOUNDARY OF THE ATHOSPHERE. Z.

ZHALF= IFIX(Z243/2

ZHPI=ZHALF+1

DO 13 J=1+7HALF

TEMPS(J+ZHPY) = TEMPS(ZHP1-J)

CONTINUE -

TF{NOT.0DBUGY GO TC 87

HRITE(Qo10) 0625 (TEHPS(J) 9 J=1+2P1}

CONTINUE .

AT THIS POINT. WE HAVE AVAILABLE A TEMPERATURE GRADIENT AT
SELECTED DEPTHS OVER ThE ENTIRE ATNOSPHERE

HP1=Mel

M2=He2

M2P1=MZ+1

WRITE(Qe121 MyoN2

FORMAT{# M IS THE SIMPSON RULE MICDLE INDEX CORRESPONDING TO THE
#PHYSTICAL DEPTH OF THE HIDDLE OF THE ATMOSPHERE. Me®13s/

© & THE SIMPSON RULE INDEX QORRESPONDING TO THE TOTAL DEPTHs 2Hy OF
# THE ATHOSPHERE =9144//7)

WRITE(Q+15) .

238
239
240
241
242
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244
245
246
247
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249
250
251
257
253
z56
255
256
257
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251
262
263
264
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266
267
268
269
270
271
272
273
274
275
276
277
278
279
2806
281
282
283
284
285
286
287
268
289
290
291
292

X




-152-

15 FORHMAT(//® 7 MAPS TO 2H AND ZHALF HAPS TO ¥ ¢/ 292
4 & Pl HAPS YO M2P] AND ZHP1 MAFS TO ¥P1%//) 294
295
¢ FIND THE TEMPS FOR EACH OF THE MISSING DEPTH POINTS BETWEEN 296
c DEPTH = ZERD AND DEPTH = MIDDLE (ZHALF) 297
c TESY FOR ZEROC TEMPS AND RECORD THEIR LOCATION 298
K=0 296
DO 16 J=2,ZHF1 302
Ji=J : 301
IFLTEMPS{J)} 50450016 302
16 CONTINUE 303
GO TO 17 304
G CONTINUE 305
K=K+l %6
JLiKy=Jl 307
60 T0 16 308
317 CONTINUE 309
c NOK ALL THE ZERO YEMPS IWDEX NUMBERS ARE STORED IN JL. 310
c THERE ARE K OF THEM BETWEEN ZEPC C4 AND ZHALF N
312
¢ NEXT WE INTERPOLATE BETWEEN THE TEMPS AND FIND A TEMPS 7OR ALL 313
¢ THE TERHS THAT WERE ORIGINALLY ZERG. 314
IF t K .£Q, 0} GO TO S5 3is
L=0 k2 Y3
DO 51 J=2K 317
M= 218
IFCIL (I EQ. (JL{J= 1) + 1160 TO 63 314
Ll e} 320
LPlslel 3281
G0 To 52 322
53 L=Lsl 323
LP1=l e 324
55 DUH=0. 325
51 CONTINYE 326
52 CONTINUE 327
JA = JLJI-L) - 1 a2n
JB = JA + LP} 329
IF(K JE0e 1 1 Ja=l 330
IF(K EQ. 1 } JB=3 a3
JBHL = JB-1 332
JAP1=JAs1 333
TOIFF = TEMPS5(JR) = TEKPS(JA) 336
TADD = TDIFF / LP1 335
DO S& T=JAP1sJBMI 236
TEHPS(I) = TEMPS(I~1) + Ta0D 337
L=0. 238
5S4  CONTINUE 339
IF(K .EQ. ¥ ) GO TO S5 3640
iF{J1 .E0. K) GO T0 S5 341
60 TO 56 342

55 CONTINUE 343
IF{«NOT.DBUG} GO TO 88 . 344
WRITE(Q+10) (TERPS(J) eJ=122P1) 365
88 CONTINUE 346

c NOW WE HAVE TEMPS FOR ALL POINTS BETWEEN Z=0 AND ZHALF 347




DA ON O

O OO0 TAaO N OO0 AN O0ONN

18

NEX+ FIND THE TEMPS BETWEEN ZHALF AND Z 8Y SYMMETYRY
DO .18 J-1+ZHALF

Te#RS(J+78HPY) = TENOS{ZHP1~-U)

CONT INUE
HRITE{Q+20) 062¢(TEMPS(J sJd=1+2°1)

NOW ®E HAYE A TEKPS FOR EACH CM OF DEPYH FROM ZERO -THRU 2,

VE INTEGRATE BY SIMPSON RULE FROM 0 TO 2M INTERVALS, THAT
IS FROM INDEX 1 THRU M2Pl.
WE NEED A SUBROUTINE WHIZH COMPUYES A DEPTH22CHs AND &
TEMPERATURE TEMPP FOR EACH INDEX POINT IN THE INTEGRATION.
WE CALL IT DEPTNP.
IT IS CALLED BY
CALL DEPTMS (HByTEMPSsMZ+7 s TEHPP 2 ZCH)

M8 IS THE SIMPSON RULE INDEX FOR WHICH WE FIND A TEHPP AND ZCM,.

TEMPP IS THE "TEMPERATURE IN XKELVIN AT M8 {OUTPUT)
ZCH IS THE DEPTH IN (€ AT ¥S (OUTPUT)

TEMPS IS THE TEMPERATURT INPUT ARRAY

H2 IS5 2M INTERVALS OF SIMPSOM RULE

B E DJIDA 20 MARLR 72
DOES SIMPSONS RULE FOR 2M INTERVALS
SEE EQMN 6-66 OF MGURSUND AND pURIS
ELEMENTARY THEORY AND APPL:CATION OF NUMERTCAL ANALYSIS
HCGRAW HILL 1967
LET ¥ = INTEGER «GT. ZERO
LEYT H = (B~A)/2M
4 = INTEGRAL LOWER LIMIT
B -= INTEGRAL UPPER LIMIT
X{I)=A+12H FOR I=01lseceslH
TERMY = 265UM QOF FUX(2I)) FOR I=12Zceseeel-]
TERMS = 4eSUM OF FIX(21~13} FOR I=14ZCvsueeeH
TERHY = FIX{AY = FIX{I=0)}
TERHZ = FIX(B)) = FIX(I=2H)}
INTEGRAL = (H/3)Vo(TERMI+TERM2 +« TERM3 ¢ TERM4 )
WE NEED TO SOLVE FOLLOWING EON AT £ACH FREQUENCY
EINY = PHI ® INTEGRAL OF (PLANCKPEXP({~TT®PHI)}
INTEGRAL LINITS ARE A=0+ B=M2
INTEGRAL INDEX GOES A=ls B=MZ2Pl
EINT = EMERGENT INTENSITY
PHI = VOIGT PROFILE OR CYHER ASSCRPTION PROFILE
PLANCK = PLANCK FUNCTYION AT (EMPERATURE CCQRESPONDING YO DEPTH
IN THE ATROSPHERE MAPPED TO INTEGRAL INDEX
TT = TOTr. THICKNESS AT DEFTH CORRESPONDING TG INTEGRAL IRDEX

STARY 7iERF TO GEMNeRATE 2-LINE VGIGT PROFILE.
VGT=VN 20T (Q.vAR)

VGT1. "¥OIGT(1G.+AA)
YR TE (D947 VGTW4VGT1O0

946 FORMAT(/+10%X® VOQIGT AT CENTER FREQUENCY TEFEI2.5+¢7
LI

YOIGT AT FREQUENCY X=10 15> £12+5¢/ 1}
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69

82
90

T

a3
91

79

77
a0
72

NFREQH=NFREC/2

AWAVENO=1,6/¢ XLAKI *® !.E~8)
DO £9 J=14NFREQ

={FLOAT{J~1~NFREGH}) * STEP

PUIE LI} = (VOIGT(X4AA) I ®0S1 /05

XY1(J)= 1.E+8 /7 (XWAVEND ~ (DUN®X))

CONYINUE

IF( JNOT. DBUG2) GO TO 90

WRITE(0.32)

FORMATI//¢ PHI1 FOR THE LONGER WAVELENGTH LINE®)
VRITE(Oob?l(((XV!(J),PHII(J))oJ=1¢NFR€O))
CONTINUE

XWAVENO=1.0 / (XLAMZ2 # 1.£-8)

00 70 J=1.NFREO

X=(FLOAT{J=-1-NFREQH)) ¥ STEP
PHIZ(J)=(VOIGT(X,443) = OS2 /0S

XV2UJI=1 . E+& / (XWAVENO ~ {DWN#X)}

CONTINUE

IF{ «NOT. DBUG2? GO TO 9}
HRITE(2+83)
FORKAT{//2 PHI2 FOR THE SHORTER WAVELENGTH LINEW)
HR!TE(Q;Q?)(((XVE&J?OPHIZ(J&)vJ=1¢NFREO))
CONTINUE .
XWAVEMO=1, / (XLAK ® 1.E-R)
00 7t J=1.NFREn

X={FLOAT(J~1~NFREQH)) # STEP

XV3I{J)=1,E+8 / (XWAVEND -~ (DWUN6X))
CCNTINUE

NEXT AT EACH XV3 WE FIND THE INTERPOLATED PHI1 AND PHIZ

AND ADD THEK TOGETHER TO GET PHISZ,
DO 72 J=1+NFKREQ
DO Y3 K=1,NFREQ
KS=K

IF(XV2(XS} LGE. XV3(J4)) GO TO 74
CONTINUE
G0 T0 75
FRAC =(ABS(XV3(J§-XV2iKS°1))II(ASS(XVE(KS)-Xva(KS-l}53
PHIZJ=PHIZ2 (XS-1) + (FRAC® {PHI2{KS)=PHIZ(KS~1)))
60 YO 26
CONTINUE
PHI2J=PHIZ (NFREQ)

CONTINUE

IF(AV3LJ) « LE. XV1(3) ) GO TO 77
[0 73 K=1.NFREQ

K§=K

IF(AVI(J) oJLT. XVIEKS)) GO TO 7%

CONTINUE

50 70 72 *
K5=KS=1
?RAC=(ASS(XV3(J)-XV1(KS)}i/fﬁS§KXVl(KS!-XVI(KSQI)))
PHI1JU=PHI1 (K3} « (FRAC® (PRI1{KS-31)~PHTI1(KS)};
GO T~ An

PHII.-PHII(])

PHI3(J) = PHIIJ + PHYZ2!

COMTINUE

-1
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403
404
405
606
407
40R
409
410
411
al?
413
414
%15
416
617
4in
419
420
421
422
423
424
425
426
427
428
429
430
43}

432
433
434
435
%36
437
43
430
449
441

447
4461
Lzl
445
446
447
Hia
449
450
451
652
453
454
453
456
457




3 e XoNel

YO M

DOV

(o Xn}

(s Xe)

B4

a2

25

30

27
25

2B
2%

[F({ NOT, DBUG2T GO T0 92

WRITE {Qs84)

FORMAT (/74 PHI3 THE 2-LINE VOIGT PROFILF?)

WRITELG TYCOCAVI(I sPHI3 L) ) » J=1 «FREQY)

CONTINLT

NOW WE ‘4 € THE 2<LINE VOIGT PROFILF IN PHI3Z{J).

EACH IS #E.GHTTD FOR OSCILLATOR STRENGTH AND IS SYMMETRICAL
ABGUT xlAM. ;

ALL THE FOLLOWIKG IS INSIDE MASTER DO LCOP OVER FREQUENCY: X

DD 999 JJJ=1.NFREQ

FIRST ®E CIND TERM]

TERK] = FUNCTIOM AT ZERD CM DFPTH
TT=0. AT ZERO DEPTH

CALL THICKSTTWFs05+04+DENS)
PHI=PHIZ(JLD)
EX = EXP(-YToPHI)

TEMPERATURE = TEWPS{1) AT ZERO DEPTH

XV IS ARBITRARY FREQ X CONVERTED 7O CORRESPONDING WAVELENGTH

IN ANGSTROM UNITS.

XV=XVI(IIDH ]
TEH = TEMPS({1}
CALL PLANCK( TEM +XV¥y 24FLNH}
[F{.MOT,. DRUG} GO TO 25 :
WRITE(Q425) TT+ X+ AAPHIYEX s XV XLAM DWN s PLNK + PLNK] s XWAVEND

FORRAT(//°2 TT=2F12:.5e/% =eE12.5/7¢ AA=®F10.3/% PHI=¢E12.5/

* 8 gEYXu=o

¥ F12.5/8 XV=rF10,.3/% XLAMSH#F10,37 ® DNNz®Fi0,3/% PLNK=%E12,.5

¢ /% PLNKI=®ElR2,S /% XHAVERD =°F10,3 )
WRITE(Q+30)

FOPHMAT( # 7= ¢ THE)

WRITE{O+27)TENPS(])

FOFNAT {¢ TTHPS(11=%F190,3)

CONTINUE

KOPMALIZE 50 PLNK AT CENTER FREGQUENCY AND 36%53K = 1.
PLNX AT XLAM AND 30%8K = PLNK1

PLNK=PLNK/PLNE} )

PLNK1 IS COMPUTED SARLY IN THE PROGRAM,.

TERM] = OLNKSEX

IF(.R0T. DRUG} GO TG 29

WRITE{C+2R8) PLNK.TERH]

FORMAT(® PLNXx <ORMALIZED =%E12.5/
*  30Xe ®  VALUE OF TERMI=®£12.%)
CONTINUE

NEXT wE FIND TERM2
TERM2 = FURCYION AT Z Cu DEPTH

-155~

45R
459
469
46%

L&D
4H7
464
465
466
467
465
46%
470
47}

477
473
474
475
476
477
47K
579
489
4R

482
4581
4B4
485
486
LaB7
LBR
489
490
4G1

497
493
4G4
485
498
497
49K
499
508
50

507
543
504
505
S06
567
SOR
509
510
51}

s12

ot




(]

MO0

o

32
3l

34

32

3%
35

27=1

CALL THICK(TT+F 00S+2T+DENS)

SAVE TT IN DI FOR USE TO PRINT CAPYION IN PLGT
PUM=TT

EX=EXP {~-TTePHI}

TEHPERATURE = TEMPSIZPY) AT DEPTH Z=DEPTH 27
TEK = UPS({ZP1)

CALL PLANCKT TEH, XVs  2e PLRK}

IF (LNOY. DRUGY GO TO 31

WRIVE{Os 261 TT o X v AR9PHT sEX ¢ XV« XLAMa DN PLNK rPLMK] s XWAVEND
dRITE Qi 32) TENPSLIPL} 27

FORBAT (/e  TEMPS(7P1)}=9F10.3/° Z7 OZPTH AT Z7=%F10,.37
CONTINUE

NORRALIZE. SEE COMMENTS IN TERM! ABOVE
PLNK=PLNK/PLIK]
TERM2=PILNKSEX

IF(.NOT. OBUG) GO TQ 33

¥RITELQG34) PLNK,TERHM2

FORMAT (/# PLNK HORMALIZEN =5£12.5/
' 40X, ®  VALUE OF TERM2 =<E12,%)
CONTINUE

NEXT FIND TERPMZ
TEARM3 = 2eSUk OF FUNCTION(2T) FOR I s2vsveeeM=}
WHEN DEPTH INDEX GOES FROM ZERD TO 2M¢ M8 S0ES 1 16 MEP)
THUS TERH3 = 2oSUM OF FUNCTION(2J+41) FOR J=1920ecasoti~l
SU¥=0,0
EXX=0.0
MH]z=M-1
DO 19 J=1lMH]
KK=J
Hg={2eJ)+]
IZTEMP= IFIR(Z4)
CALL DEPTHP (MALTEHPSIM2+IZTEMP  TEHPB 4 Z0M)
ICM=ZCHM/ 7
CALL THICK{TT+F+05+ZCM+DENS}
EX=EXP{~TT=PHI}
SAVE THE FIRST £X IN EXX FOR COMPAKISON TO LATER VALUES
CALL PLANCK{TEMED: XV, 2+ PLNK)

IF(.NOY. DBUG) 63 TO 38

WRITE(Ge26) TTeXaAAPHI«EX 1 XV XLAKsDWNs PLNKsPLNK] ¢ XHAVEND
WRITE{Q+365 TIMPPLZOM

FORMAT{/* TEMPP=2F10,3/7¢ 7CH DEPTH =F10.3

CONTINUE

PLNK=PLNK/PLNKY
SUM=SUM« (PLNK?EYX)

1IF (.NOT, DRUGY GO TG 37
WRITE(Q438) PLNK.SUM
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517
56
518
RlA
517
518
519
G20
521
322
521
524
525%
526
527
325
29
538
831
£3
833
53z
53%
5134
547
538
539
sS40
S4 13
542
S%3
S4a
545
S46
567
348
S6G
550
5351
o573
551
554
55%
Bhé
237
5%
%59
561
€61
567
§613
€ha
E48
S€6
567




OO

38
37
13
[
a6

&7

46
39

%1

42

z26
33

58

-2

¢

FORMAT (/% PLNK NORMALIZED =%£12,5/% VALUE COF SUM IHSIDE DEPTH LO
S0P =2E12.5 )

CONTINUE

CONTINUE

CONTINUE

IF(.RDT. DRUG? 50 TO 67
WRITEIQe 661 K<

568
569
S7¢6
571
sY2
€73
572

575

FLIMAT(® THE NUMBER OF TIMES DEPTH LOCP COMPLETED BEFORE EXIT IS ©14) S76

L O
CONTENUE
TERMI=2 . 3SUN

IF{.N0T+ DBUG} 60 TG 39
XRITE{Qs40) TERM3
FTORMAY(/

SO0Xs *® TERM3 =9E12.5 )
CONTINUE

HEXT FIRD TERMS4

TERMA = 4®SUN OF FUNCTION(2I~1) FOR I=142v4:useM

YHEN DEPTH INDEX GOES FROM ZERO TO 2M¢ M8 GOES 1 TO M2P1
THUS TERMG = 4#SUM OF FUNCTION(2JY FOR J=lelsreeeseM

SUH=0,0

EAX=0.¢

D0 20 g=i.M

XK=J

MB=2% 3

TZTENP= IFIX124)

CSLL DEPTNP(MByTEKPS N2, 1TTENP+TEMPP +ZCM)
ITH=Z0N/2A

CALL YHICK(TT:F20S«ZCUDENS)

EX=EXP {~TToPH]Y

SAVE THE FIRSY EX IN XX FOR COMPARISON 7O LATER VALUES
CALL PLANCKITEMPP+XV: 2y PLNK)

IF{.NCY. DBUG} &D TO 41
hRITEfO¢26?TTeX,AAoFH;aEXoXVaXLAMtOENePLNKvPLNKIeXHﬁVE
ERITE(D+36) TEMPPLZCH

CONTINUE

PLNK=PLEK/PLNKY
SUMRSUR+ (PLNKSEX)

IF(.HSTs DBUG) GO TO &2
HRITE(Qe3RIPLIK S SUM
CONTINUE

CONTIRUE

CONTTHUE

IF {807, QBUG) G5 TC 68
WRITELG.657 KK

CONTINUE

577
578
579
5660
581
582
583
S86

585
586
587
588
S89
590
591
592
503
594
595
566
597
598
599
660
601
5§02
503
504
605
606
607
808
609
616
611
612
613
614
615
615
617
518
619
620
621
622




TERMG=zhH, %SUM

IF {.NOY. DBUG! GO TO 43
WRITE(D+44) TERMG
44 FORMAT(/ ]
s 60Xy © TERML =0E12,5 )
43 CONTINUE

¢ NEXT FIND INTEGRAL
¢ INTEGRAL = (H/3)®(TERM! « TERM2 + TERK3 ¢ TERM4 )
c H=1B~41) /2K
H=(Z=0.) /FLOAT (¥2)
C IN CUR PROBLEHs WE WE SET BOUNDARY A TO ZERO.
c SUM = INTEGRAL
SUH=0.0
SUK=(H /3. 1%(TERM1 + TERM2 + TERH2 + TERML 3
< EMERGENT IHTENSITY EINT FOR FREQUENCY IN THIS LGOP FOLLO¥YS

EINY{JSJ) = PHI*SUK

TF{NOT, DBUG) GO 79 45
WRITE(D+546) TERKI + TERHZ » TERMI ¢ TERMG s SURe PHT o EINT (JJJ)
£6 FORKAT(/®* TERH] =SE12.,5/® TERMZ =°F12,5/® TERM3 =*Ei2.5/
¢ o TERM& =SE12,5/® SUM THE INTEGRAL =SE12,5/ .
© ® PHI wPE12.5 /% EMERGENT INTENSITY =#£12.5:///// )
45  CONTIHUE :

099 CONTINUE z
c WE HAVE CONPLETED COMPUTATION FOR A GIVEN FREQUENCY
c MEXT ¥E INDEX FREQUENLY DO. LOOP AND REPEAT

WRITE THE SUTPUT
XY CONTAINS HAVELINGTH IN ANGSTRCHS,
XVY IS EQUIVALENCED ¥WITH XV3,
¥RITE(G.11)

G

PLNX2 IS PLANCK YALUE AT CENTER FREQUENCY XLAK AND TEMPERATURE
TEMPS(ZHP1) TO WHICH HAXYMUM OF EMERGENY POHER IS NORMALIZED.
L ATER. SEE BELOW.
TEM=TLHMPS (ZHP1}
CALL PLANCK( TEMeXLAMs 2+ PLRK2)

[t EaNel

c INTEGRATE THE SPECTRUM AND WRITE THE VALUE.

VAL=0,

NFQH1=NFREQ~1

DD S5 J=1eHFGH]
§5 VAL ({{CINTC{UICZINT{Je2 D /2. 8 EXVV (a1 ~RVY 13 ) ) aVAL

HRITELQ+96) XYV 1)+ XVVI(NFREG}s VAL
56 FORMAT{/® THE EXERGENT POWER INTEGRAL .~ _AUH NON-NORMALYZED)

®AS ORIGINALLY COMPUYED: FROM®

hd 4F12.3% ANGSTROMS T0® £12,3% ANGSTROHS IS# €12.5)

HRITE(O+102)
102 FORMAT(®  POVWEP VALUES AS COMPUTED. NOT NORHALIZED®}

WRITE (D85}

623
626
625
626
627
628
629
630
6131
632
633
&34
635
636
637
638
636
648
641
&4z
643
644
645
6hb
847

649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
675
678
676
677




85

47

104

105
106

o

1374

109

110

112

111
113
103
108

&1
c

FORMET (/s EMERGENT INTENSITY®)
WRITE(QeaT) LUIXYVIDI HEINT(J) Y+ =1+ NFREQ))
FORMAT{//7{S{2X+F12.3+F12.531)

PLOT OUTFUT
NORMAL TZE MAXINUM OF EINT TO UNITY S0 WE CAN PLOT
YHAX=EINT(1)
DO 5& J=24NFREQ
IF(EINT(JY +GT. YMAX) YRAX=EINT(J)
CGNYINUE
NOW YMAX CONTAINS THE NOANMALIZATION CONSTANT FOR EINT

MEXT FINDS NCARDS THE NURBER OF DATA CARDS IN A SET.
AKKH=FLOAT INFRED)
ARKKM=AKKM/ 4,
NFREQ4=NFREQ/4
{F (ABS{AKKRM-NFREQ4) LT, 0.2) 1464105
NCARDS=NFREQS
GO0 TO 106
NCARDS=NFREG4 ]
CANTINUZ

Al IS AA TIMES TORR/T60
A1=(AA®TORARY /760,

NEXT DO LOOP PUNCHES NDURS SETS OF CARDS
IF{PUNCH11107.]108

CONTINUE

00 103 KA=]) .NOUPS

JTi=4

J8B=1

PUNCH 3109sTMyYE2Z+DENSs2]1 +GROUP ¢ TORR
FORMAT(IX5102A2:0Z=9F3,1.°DENS=®E12.5¢% AA=®FT7.5+% GROUP2I3,
% F6.0s2TORR RANTANT®)

PUNCH 11047ALs XVV{1)+XVVINFREQ) e YMAXeTEM¢PLNK2»NFREQ+NCARDS
FOPMATIIXSE12:5+2F943+E12.54F6.0+E12,5+215 )

INTEGRAL VALUE HERE IS NOT NORMALIZED.

DATA HERE ARE AS CONPUTED

DO 111 L=1+NCARDS

PUNCH 11200l {IXVVLUI+EINT (J) 9 J=JBBITY)
FORMAT{ I4+48FT,2¢E12.5))

JBB=JBB+4

JTT=JTT+4

CONTTHNUE

PUNCH 113+ Z2

FORMAT (A})

CONTINUE

CONTINVE

NEXT DO THE NORMALIZATION

G0 61 JU=1.NFREQ

EINT{J)=EINT (J) /YHAX

CONTINUE

IF{ .NOT. FLOTY } GO TO 57

EINT IS NORMALIZEDR AND IS REZDY FOR PLOT
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678
879
680
681

68?2
683
684
685
686
687
688
689
6990
691
692
6923
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
716
711
712
713
Ti4
715
716
717
7i8
719
720
721
722
-3
124
125
726
727
728
729
730
731
732
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WRITE(Qs11) 733
WRITE (0159) 734
59 FORMAT(IKIsSOXe # FROM PROGRAM LTE4L #) 735
WRITE(Qs63) DMeYEs IHRMING ISEC 736
¢ +GROUR,TORR 737
WRITE(Qe26)HeZ+F10SeDINS+AA+sNFREQs TEMPL y OWN+ XLAM+DBUG STEP»PLOT 738
WRITE(0+81)0512052+XLAM] s XLAK2 739
WRITE(Qs897 TEMPS(1)s TEMPS{ZHPL} 740
89 FORMAT(® HOUNDARY TEMPERATURE [S#F7.0:8Xe® CENTER TEMPERATURE 1S¢ 763
* F7.0! 747
URITE{Q»10) 0624 (TEMPS{J) 9J=152P1) 747
WRITE(Qs22) Fy DWNyAHW 164
WRITE(Qv231 YLAM,PLMK] 745
c PLNK2 1S SLANCK VALUE AT CENTER FREQUENCY XLAK ANMD TEMPERATURE 746
c TEMPS(Z4P1} TO WHICH MAXIMUM OF EMERGENT PONER IS NORMALIZED. 747
¢ SEE BELOW, 748
WRITE(Qs98) PLNXZs XLAM, TEM 749
98 FORMAT(® PLANCK VALUE IS® £12.5% AT CENYER FREQUENCY® F12.3/ 750
© ©  “ND AT CENTER TEMPERATURE® F12.3 ®CIGREES KELYIN.®/ 751
s TO WHICH HAXIMUM OF EME<RENT POWER IS NORMALIZED.® ) 752
WRITE(0460) YMAX,DUN 753
60 FORMAT(®# YMAX THE MORMALIZATION CONSTANT FOR EINT IS*£12.54/ 754
® = THE OPTICAL TMICKNESS (TOTAL) IS*E12,5) 755
CALL PLOT(EINT+XVV+NFREQ) 756
S7 CHONTINUE 757
758
¢ NEXT NORMALIZE TO PLNK2 VALUE 759
DO 97 J=1eNFREG 760
c INTEGRATE NEXT ) 762
97 EINT(S)= EINT(J) © PLNKZ 761
VAL=0, 763
NFGM1=NFREG-1 766
DO 100 J=1s+NFOMY 765
190 VAL (CIEINT (D S INT (88102 /2, 1 8{XVY (213 =XVY (J1) } VAL 766
T MRITELQ,11) 767
WRITE(Q+98) PLNK2s XLAMs TEM 768
WRITE(Q+99) RVV(1) «XVY(NFREQ), VAL 769
99 FORMAT( /* TH" EHERGENT POWER (MAXTHMUM NORMALIZED TO PLANCK) FRO @70
50M® F12,3°ANGSTI OMS TO #F12.3% ANGSTRONS®*/ 7
# & I5eE12.5 ) 772
WRITE{Q4101) 773
101 FORMAT(S  FOWER NJRMALIZED TG PLANCK VALUE FOLLOWS®) 174
WRITE (G+85} 778
YRITE(Ge4T) LLLXVV L) JEINT (D) + J=1 «NFREC)) 776 -
77
[ PUNCHZ NEXTY 178
c NEXT 0O LOOP PUNCHES NDUPS SETS OF CAQDS 779
IF IPUACH2) 1144115 780
116 CONTINUE 781
DO 116 KA=}NDUPS 782
JTT=4 783
Jan=1 784
PUNCH 109sDMeYE+Z+DENS A1+ GROUPs TORR 785
PUNC'e 110-%sfy X¥V(1)sXVVINFRED}s YMAXsTEHsPLNK2+yNFREQ'NCARDS 786

(o4 INTEGRAL VALUE 1S AFTER NORMALIZATION TO PLNXZ. 787




c

o0

o0 oo

OO0

137

116
118

119

120

129
130

121

123

122

DATA ARE NORMALIZED TO PLNKZ,

DO 117 L=1+NCARDS

PUNCH 112s0Ls {((XVVIJ)sEINTI) )+ I=JBBJTT)
JBB=JBB+4

JTT=dTT+4

CONTINUE

PUNCH 113y 22

CONTINUE

CONTYNUE

REUSE XV1 STORAGE TO HOLD WAVELENGTHS FROM EYZBAL
CALL EYEBAL (XV1,.392}

NO¥ PUT A2 IN COMHON/B6/ INTO PHI1 STORAGE
00 119 J=1.3%2

PHI1 (JY=A2(.5}

CONTINUE

CALL CORERT(EINT+XVVINFREQePHII#XV1+392+1,PHI2)

PUT CORRECTED DATA FROM PHI2 INTO EINT
D0 120 J=1+NFREQ

EINT(J}=PHI2{)}
CONT TNUE

INTEGRATE THE LUMINOUS YALUE AND WRITE THE VYALUE
VAL=0,.
HFOM1=NFREQ~]
D0 129 J=1leNFOML
VALSLIHEINT (I eEINT (U+1) 172 ) #UXVV {Je 1) ~XVV(J) 2 T +VAL
WRITE(Q+130)XVV {13+ XVVINFREQ)y VAL
FORMAT(/® THE LUMINOUS POWER INTEGRA , (MAXIHUM NON-NORMALIZED)
®4S ORIGINALLY COMPUTEDs FROM®
e #F12435% ANGSTROMS TOe Fl2.3% ANGSTROMS "S¢ E£12.5)

FIND HaXx OF EINT LUNINOUS ENERGY
YMAX=EINT (1)
DO 12 J=2+NFREQ

IF(EINT(J) «6T. YMAX) YMAX=EINT(J)
CONTINUE ]

NOW YHAX COHTAINS NORMALIZATION CONSTANT OF LUMINOUS POWER EINTY

WRITE(O.123}
FORMATI/ /7 RELATIVE LUHRINOUS POWER NOT NORMALIZED®)
WRITE(Qs467) LLIXVY L) 2EINT(J)) 9 J=1eNFREG))

NEXT NORMALIZE EINT YO UNITY
D0 122 J=1sNFREQ
EINT (J)=EINT (J) /YMAX
CONTINUE

PUNCH3 HERE

TH™S IS LUMINCUS POW, . “JEMALIZED YO UNITY
NEXT DO LGLP PUNCHES ~DUPS SETS OF CARDS
IF(PUNCH37125:126
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788
789
79¢
%1
752
783
794
795
796
97
798
799
800
801
802
803
804
805
806
807
aor
809
310
811
812
813
Ble
815
:311
217
818
B1s
820
821
|22
823
824
825
826
827
828
r9
8130
a3l
832
833
834
835
836
837
838
830
840
/41
842




ies

127
1zé

49

CONTIRUD
DO 127 KA=1NDUPS
JIT=%
Jae=1
PUNCH 124+0MeYE+Z+DENSAAL1+GROIP+TORR
FORMATEIXsALI0rA22%220F 3, 1+2DENS=FE12,5¢% AAa®FT7,5,¢ GROUP®II,
& F6.0¢27TORR LUKINOUSS)
PUNCH 110sVALy RYVII)XVYINFREQ) e THAXsTERPLMC2+NFREQINCARDS
INTEGRAL VALUE VAL IS UIMINOUS BEFORE NORMALIZATIOR.
DD 128 1.=1,NCARDS
PUNCH 1312+ e ((XVY(ISEINT{UI) s I=IBBJTT)
JBB=JBBs&
JIT=JTT+4
CONTINUE
PUNCH 113« 22
CONTINUS R
CONTIHUE
HRITE (Q+49)
FORMAT(IH1210(/) oSOXe® END OF CASE® )
GO 70 1
END

-162-

84z
844
B4S
846
e47
848
849
850
851
852
853
854
855 .
856
857
858
859
860
8&1
=174
863
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SUBROUTINE PLOT (EINT ¢ XVVsNFREOD) 864
¢ ®RITTEN BY B £ DOUDA & SEPT 1969 86%
868

DIMENSION LINE(132)+EINT(2000) +XVV{2000) 869
INTEGER 0 870

OATA Q/6/ 871
DATA{BLANK=IH )» (DOL=1HE)s {X=1HX}s { Y=1H®}, { Z=1HO) a72

TYPE INTEGER BLANKs DOLy X¢Ye Z 873

¢ 874
WRITE{049) 875

9 FORMAT{/4GXIBHRELATIVE POXER (NORMALIZED) 876
*/416X3H0.022X4H0 , 2521 X3HD ,522X4H0, 7523 X3H1.0 ) 877

c 878
C PRINT 2 LINE OF DOL TO MAKE VERTICAL AXIS 879
D0 10 J=1,132 880

10 LINE(J)=BLANK 881

DO 20 J=16+119 582

26 LINE(J} = DOL 853
WRITE(G930) (LINE(J) +J=16+119) 884

30 FORMAT (4XFHANGSTROMS2X104A1) 88s

C 886
C BLANK THE LINE 887
DO 40 J=17+118 888

%0 LINE(JS = BLANK 889
NFR=NFREQ 850

DO 70 N=1.NFR 891

¢ 892
€ PUT X IN SELECTED LOCATION 893
IF( EINTIN) .LT. 0s #OR. EINT{N} o6T. 1. ) GO TO 120 494
J=100. ¢ EINT(N) » 18,5 895
LINELS = X 895

S0 CONTINUE - 897
HRITE(O+60) NeXVV(N) o (LINE{L) sL=164119) 808

60 FORMAT(IS,1XvFB.251X¢104A1) 899

¢ 990
€ PUT &4 BLANK BACK IN THE LOCATION WHERE X WAS 901
LINE(J) = BLANK g2

70 CONTINUE 9063

DO 89 J=1+132 086

80 LINE(.J)=BLANK 90%

No 96 J=16+119 506

96 LINE(J) = DOL 907

< ¢ 90a
HWRITE(GL 1003 { LINE(J) ¢ J=164119) 909

- 100 FORMATIISX1044)) ala
P TURN - . 911

c 9i2
120 wRITE(G+130) 913
130 FORMAT(//1X4*EINT 15 WEGATIVE OR GREATER THAN 1.0. IF NEGATIVE 9la
*, LOOK FOR ERROR IN PROGRAM.®/* IF GREATER THAN ONE+ $15
#  CHECK NORMALIZATION®//) 91&
RETURN 917

END 918

thte w
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SUBROUTINE PLANCK {(TsXsNsR) 919
¢ PROGRAMMED BY B8 € DOUDA. OCT 1970.  RUNS ON CDC6600, 920
c T=TEMPERATURE + X=WAVELENGTH IN ANGSTROMS, R=RADIANT EXITANCE 921
c N DETERMINES UNITS ASSIGNED TO R 922
¢ C1=3,7415E~5 CM##2 ERG/SEC = 3,741SE1)1 A%#2 ERG/SEC 923
c C1=3,74615E4 A0*2 J/SEC = ¥ A®e2  (Cl=2epleHeCecs 924
c C2=1.43879 CM K = 1.4387%E8 A K 925
c R = WATTS/A%682/4 ft YALUES ARE PER HEMISPHERE, Q26
c R®1.E20 = WATTS/CM#82/KoCROK WHEN N=2 927
¢ THERE ARE 1E+8 ANGSTROMS/CH 928
c ONE MICRON = 1E+4 ANGSTROMS 929
o R = PLANCK POWFR 930
DATA (Cl=35.T415E4): (C2=1,43P73E8) 931
E = EXP{ C2/1X%TL) i age
P .= C1/¢ (Xe8S,) * ‘E-1,): . 933
IF(N .EQ., 7 )7 =R#1.E20 i X3
"RETURN 935
END Q36




i0
20

30

40

SUBROUTINE CEPTMP{HMBeTEMPS+R2+Z9 TENPPZCM)
8 E DOUDA 25MARCH 1972

DIME “3ION TEMPS(201)
INTEGER 7
INTEGER 2P}

FIND DEPTH CALLED SIZE FCR EACH STIMPSON INTERVAL
SIZE=FLOAT(Z)/FLOAT (M2)

ZCM=(MB~1) # S7IZE

ZCMy THE CEPTH IN CM AT HM8s IS RETURNED TC KAIN PROGRAM

NEXT FIND TEMPP AT M8
ZPI=Z+}
M2P1=H2+1
HERE SIZE IS THE NUNBER OF SIMPSON RULE INTERVALS/CHM DEPTH
SIZE=FLOATIN2) /FLOATIZS
IF(HB .€0. 1) GO TO 30
IF(H8 ,EQ, H2P1) GO TO 40
D0 10 J=2.72P%
K=J
X=(J=138SI2E
IF{X +GT. (M8-1)) GO YO 20
CONTINUE
DIFF=X={MB8~]1}
FRAC=DIFF/SIZE
DIFF=TEMPS(K) - TEMPS({K~1)
SIZE=FRAC®DIFF
TEMPP = TEMPS(K) -~ SIZE
RETURM

TEMPP = TEMPS(1)
RETURNM

TEMPP = TEMPS(ZP1 )
RETURN
END
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937
938
939
540
941
942
943
944
945
946
947
948
949
956
951
952
953
ass
955
956
957
958
959
950
961
962
983
964
965
966
957
968
969
970
971
o712
973
974
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OGO

20

30
o9

50

50

FUNCTION VOISTUIXsR)

PROGRAM WRITYEN BY G. RYSICXI

COMPUTES VOIGY FUNCTION FOR ANY VALUE OF X AND ARY
POSITIVE VALUE OF A. BEFORE CALLING FIRST tiHE
ENTER COFVOI WITH THE STATEMENT

DUHMY { =COFVOT (DUKMY2+DUKNY3)

DIMENSION C(21)

TYPE COMPLEX 2Z

IF(A.EQ.D.0)6GD0 TO S¢

&i=3,%5

A2zACA

IFtAT.0,1)G0 TO 10
Z=CERP(~9,424T1796076938%499,4247TT9607693REX}
VOIGT=0,0

GO T0 20

2 Z=2CCOS(9.,42477796076938%X49,424777966T76938%4)

VOIGT=0,564189583547756FLXP (A2~X*X) RCOS (2, #AGL)
Bl=’1,«REAL{Z)) %A%} ,5

B2=~AKAG(Z)

S=-8.~I.S*X

T=58S+2,25042

00 &40 N=1,31

=T4540,25

§=5+0,5

Bi=Al-B}

B2=-B2

IF{Te6T22.5E6~12)60 TO 30
VOIGT=VOIGY~C{N)#A%,333333333333333
GO TO 40
VGIGT=VOIGT+C(N)#(BloB22S1/T
CONTINUE

RETURN
¥OIGT=20.5641895835477569EXP (~X4X)
RETURN

ENTRY COFVOI

==l

DO 60 N=1+31
K=K+}

Ci{N}=0,08979355106258332EXP (-FLOATIKSK) 79,}
RETURN ’

_ END

975
976
o977
978
979
980
123 )
982
983
984
985
986
987
988
989
990
991
992
983
994
995
9e6
98%
932
999
1000
lgc1
1002
1603
1904
i00s
1006
1007
190z
1009
1519
g
i012
1013
10la
l1o01s
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SUBROUTINE THICK(TT2F05+24DENS) 1016

. 1017

c INPUT ¥, OSy Z- DENS - i61a
c OUTPUT TOTAL OPTICAL THICINESS .{ AT DEPTH 7 lolo
c Bs E» DOUDA 20 MARCH 72 1620
1621

DATA(P=3,14159265%) v {E~6 . 30298E~010) 5 (<H=9, 1091E-a2R) 1022
DATA{C~2.99T925E¢ 014} 1ee3

C DATA{TTC=6.006E+007) 1024
1025

¢ TT= TOTAL OPTICAL THICKMNESST sIMZMITSNLESS : 1626
c 0= p3 - 1027
¢ E= ELECTROSTATIC CHARGE {CH2%£1,5) (G62.5; (S8e-1) 1028
¢ = PHYSICAL £SPTH OF ATMOSSHERE O 1029
c F= DOPPLER HALF WIOTH IN FREQUENC: UNIYS {5~€-3) 1630
¢ AM= ELECYRON REST MASS G 1031
c ;= SPEED OF LIGHT (CM) (Sw#e~y) 1032
c DENS= N12= PARTICLES/CC IN ATOMSPHERE ) 1033
c 0S= OSCILLATOR STRENGTH (F LINE+s DIMENSIONLESS : 1034
c H= PLANCK CONSTANT ERG S ie3s
< V= CENTEX FREQUENCY OF LINE 1/S5 103s
c ERG= DYHME CM DYNE= GM CP/SECe02 1937
¢ - Bl12= EINSTEIN COEFFICIENT = (0SS4OPUP#Ler) /(FRRMAC) 1038
c 4BOVE B12 IS FORM WHEN NI2 IS IN OENSITY UNITS ‘1039
c TT= (KeY) 7 (4®P3F1 » (NI2 © 812 - N21 * B2}) & 7 10480
< 21 « B21 IS NEGLIGIRLE 1541
. 1062

TI = {DENS®20S P UERERZY S (FOeRU D C 1643

104¢

1045

¢ DEYST= DENSITY AT SPECIFIZD THICKNESS + ¥TC 1048
c DEL. T = (TTCEF#RPEC) (05 SPeEREe7y 1047
¢ SRITE (61:10) DENSCe TIC 1048
C 10 FORMAT 11,221,114} 1049
- 1050

RETURN 1051

END 1052




DN o0

SO0

e

10

20

SUBROUTINC DOPPLER(XLAMeNXsTEMPFHWIDTH¢OUN (AHY )

COMPUTES DUPPLER HALFWIDTH OF ATOMIC LINE AT SOME TEMPERATURE
WRITTEN B8Y F £ DOUDA 25 AUG 1969

TEMP [S DEGRIES KELYINs XMASS IS WEIGHT PER MOLEsAND
XLAKEBDA IS THE CENTER OF THE RESOMANCE LINE IN ANGSTROMS.

DIMENSION AHG( 151)+XLAMBDA{Z2) +AHNIDTH(3) ¢DHAVENO {31
DIMENSICH FREQ( 1)

TYPE REAL LAHBDAPe LAMBDAK

F (NK .NE, 0 ) GO TO 10

XKiSS 2.9898

XLAMBDA(2) = 5895.9236

YLAMBDA (1} = 5382,$504

XLANBBA(I)-5893. -
XLAMBDA(2) =5893,

K=1

XLAMBDA(X) =XLAH

XLAH = LINE CENTER IN ANGSTRONS.

BOLTZ~=1.3B8054E~016

SPEECLI =2.997925E0190

AVAGAD=6,02252E623

CONSTAN =2,0%S0RT(2.0%50LTZ) *SQRT (ALOG(2,0} ) *SQORT (AVAGAD) /SPEEDLI

FHVIDTH I35 DOSPPLER HALFYIDTH I FREQUENCY UNITS

FRRIDTH= (CONSTAN®SPEEDLI/ {XLAKBDA (K)#1,0E=8) ) #*SORT (TEMP/XMASS)
XWAVENO =1,0/(XLAMBDA(X) * l.0E-B)

DHAVEND (K) =FHWIDTH/SPEEDLT
DEN = DOPPLER WIDTM IN WAVENUMBERS,
OWN=DWAVEND iX)

HHAVEND= DWAVENO{K} /2.3
LANBDADP=1,0E+8/ (XWAVEND + HWAVENOD)
LAMBDANH=1.0E+87 (XWAVENO o HYAVEND)

LHWICTH [S DOPPLER HALFWIOTH IN ANGSTRONS
A WIDTH(K} = LAMBDAM - LAMUBDAP
148 = ARMIDTH(X)

RETHON

CONTINUE

NF1=KFREQ-1

00 ¢ I=}sNFREGQ

TD=NFRED~T )

ANG(T+NE1sK} = 1.0E+B / {XWAVENDO - (DWAVENO(X) * FREQ(I) )}
ANGI{IDs#®Y = 1.0FE+8 / (XWAVEND + (DWAVENO(K} = FREQ(I)!)
CONTINUE

AHNIDTHIZ ) =\HRIDTHIZ)

J=K -

DHAVEND (3} = DRAVENO(2)
CALL PRINT (4}

RETURN

END
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1953
1054
1655
1656
105¢
loee
1061
1062
19063
1564
196S
1066
1067
1968
1069
1070
1071
1072
1073
1074
1075
107«
loey
1078
1979
1080
1081
1pa2
1083
1084
lags
1084
1087
1pas
1089
1090
1991
1092
1093
1094
108%
1696
1097
logx
1099
1100
1101
1107
i{o3
1104
11058
1106
1197
1108
110
1110
nnn
1112
1112
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SUBROUTINE CHREXKT (AeXA+KA+BIXBorEReML) 1314

c PROGRAMHED B8Y 8 £ DOUDA. OCT 1970, RUNS OH ¢DC6600, 111
C DYIMSHSION A(1000) +XAC1000)s BI1000)+X8(10001, C11000} 1114
< DIMENSION A14000) 9 XALG000)s  B{40002«XB{4000), CLaga0) 1117
DIMENSTION A{2000)+XA(2000)y  B(2000)X8(2600), Ci{2000} 1iis

¢ INPUT, AtKA) ARE INTENSITIES YO BE CORRECTED AT & POINTS 1110
c INPUT. XA(KA) ARE WAVELENGTHS ASSIGNED TO A 1120
c INPUT, BIXB) ARE DATA THAT CORRECT A&, 1121
¢ INPUT, XB(KB)} ARE WAVELENGTHS ASSIGNED To B 1122
c INPUYT, X2 1S NUMBER OF As KB IS THE NUMBER OF 8 1123
¢ M SETS YYPE OF CORRECTION 1124
c DGES A/B=C AT WAVELENGTHS ASSIGNED TO A WHEM MH=Q jias
c DOES A°B=C AT WAVELENGTHS ASSIGNED YO A WHEN M=} 1126
o QUTPUT, CIXA) ARE THE CORRECTED DATA AT KA POINTS AND 1127
c AT HAVELENGTH XAe. 112~
TFEXA{LS LT oXBC1)o0ORXAIKAY JGTXBIKBY) HRITE(Ss1} 1129

1 FORMAT{//+% CHECK RANGE OF B IN SUBROUTINE COREKT FOR ADEQUACY=2//) 1130
X8H=KB~1 1133

00 3 J=1:K& 1132

00 3 X=1.K8H 1133
KP=Ke} 1134
TFLeNOTA IXBIK) LESXA(IY LANDJXSIPY L GF.XA(UY)) GO TO 3 1135
=XB{KP)~XB (K} 1136
E=XA{J)-XBIK) 1137
F=B(K)+{{E/D}2{B(KP)=B(K))) 1134
IF{M,EQ,1} GO TO 5 1139
ClJII=A () /F . 1349

G0 10 3 1341

S ClJI=AtS) oF 1142

3 CONTIHUE 1143
RETURN 1146

END 1145

| IR
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BLOCK DATA EYES
COMMON/B8S6,4) 1392}
Al IS EYE RESPOHSE TaBLE USED IN EYEBAL.
DATA({AT [ W) 2i=1e)02) =
25, 000040008 .00006570e 0, 00004547 +0.00005588¢0.08648385840,00806%25+
SO,00007118:0.80307956.0,0000G03%+8,60010367+0.00012000,:0.,05012376355
&0 500154380, 00037300:D0,30019260+0.00021500+0.0002510040,.89027150+
0,00030750+0.000350600,0.0004000010,00045930+0,00045476.0,00853880,
43, 00058660+ 0.0C 366250,0.00071100,0,0607968520,000003700.00i23670¢
30,80 20000:0,00I37700,8.00155520+0,.0017218%5¢0,00154560:0,0021750G0,
40, 002638450, 002764R0,0.003100802,0035X66050,006803LD,0,00454850,
0, 00515200, 0,.0058075020,0n551200+0,0072825050,00305550,:0.006888T5y
2l 000760500+ 8,0236605C0,052156000020,81256999¢0.05357926,6,81482734,
*5.01571360e0,01683755:0,017598400,01919570+0.0204288020,02183710»
£, 02300000+0.0243227040,02565750:0,02701650:0,02840480:0.02983739,
80,0313232040.03287250:0603849640.0,036264378.0380060060:2.0395763%,
#G.06180800:0.0¢380200,0,06506400:0,0080000040,0%022500.0.05251858,
0L O5LGIZAR e B O5TS0400+ 0. 5600000040 .56265897 00 .0A535136.0.00810595,
L OTEY5Y6 DL CTIBTEBG 00, UT609435F:0, 03010700+ 0.ND35475540. 08712066,
2300097906, 8 09501696, 0,5901 7599, 8, 103488984, 10738797, 0.112622594;
80, 11747199 - 0,122530965 0. 12778395,0, 1332729550, 139000000, 84494245}
DATAL{A1 4.0 +32103+200)=
SO IT0TIV 042G 10ATOTET 10 1628730440, V60312080, 1TOOTINR:0. 18325744,
45, iP0025008¢8 1UQYA24640.207999%650,21737 246+0.22T75159729,.,23707145,
P 2GTEETOS 0. O583L265: 0. 27011198 D, 282273507+ G:29510377 10, 3086&045,
80, 3220000 s 5. 33R209 77 0435440059y L 3T 2707+ (. IRDLODT 0. 40725259,
B 425939995 0,4445500L 0 0A42200440.4836192910.502995%8:0SEZAS09Y,
B0 ,54356395:0 564839980, 52843009, 0. 0082499690 6298%55398+0.65109998
B9 ATICRI9T:0, 69140990, 8, 1 25N0CGR D, TRTT0008c0TH4BTE536:0.76153000
B0 TTT5399990.79231890C 4B BEAIBAR .5, 82253999 0. 836319Y8:0.849479G7,
20, RE199999:8,7 TIES0341 0. BE50590T: 5. 855019900.90556997+ 0251494000,
88, RPITLSC8 T, R9293905: 80,9301 9C 74 2. FATIZV98¢ 5. 954000004 008036998
B0 G831 10G%,05. 9722399645, 970030330, 065245944 £, 58999975 0,.38731 968,
39, 900239950, 982789 263, 0543 ¥0 5 (L 006RZA0E+ 8, 95821208+ 0.53C36748
21 ,00001526¢1.00025%0001,00006390+40.,9094539940,.905607.640,.79532538,
40, 05509305, 0, 00241399, 0, 5897799520, 086489951 9.98276937( 5. 9THL2385,
20, AT L8089 8. 089329988, 06377999« 0, I5B0799%c 0.95190956.0,345519%8,
50, 93858099+ 0. 81246098, 8. 92345655, 0,F15373042 0, 33587999 0. 89610047,
T, O8000090Cs 0. 879639980 _LESGOVCS s 0,8630159B8+0.845582%4+8.53877999)
DATALLAT (01« 3=205:386) =
20 BETEST R0, 81624957 :0,83351097:9,792839%650, 7TRO02998+ &, T6E95005,
20, 756909570, T469395840, TIZRE0ID e 0. 2021997+ 0. TO7L23785 0606030857,
50,6821 806750.669383580.63883903¢0,64375000,0.63099998,8,61825595,
20, 600L3995 5. 5925599850 57 0CE6020 40, 566749590, 553IR5905:6,541419958,
@0, S2804008,8 , 518855970, 50290998+ 0, 4005209555, L 78119972 0.46576065.,
B0 ADIGTSET G4 J2090T7 40, 22007905 (1,4 1098995 5:60+910%5+0,392%1736,
25, 38099908, 0, 35903995, 0., 358099990, 344539954 0. 33201985 0, 32590358,
20 G2 IVTH 0. 20TE999C 2. 2BBE3994+ G, 27501997+ 8. 26499259:8.25484997
80 ,74397238+40,.235300%520.225059% TG, 210829958, 2081 7000+0 ., 13555959,
20, 42317992:0. 1829698550, 17692805¢0,. 1672099840, 15963038, 0. 15228999,
20, 14515998+0.1382409% 6, I3185937+0,125808955+0,118829%8,0.11786976.
20 10659599, 0,10143995,0,.09432000+40.09104997:0.08420000+40,0R2155395¢
0077110058, 072859745, 068759381 0.0648155%,5.55100080=0. 057350400,
22 DT3EG000.0,050680000:0,04750000+0.04456000048.04178000.0,. 039140800,

1145
1147
1148
1149
1150
1151
1182
1153
1154
1155
1154
1157
1158
i1is®
1160
151:Y]
1162
1163
)b
1189
1166
3167
1162
1159
it
1173
1172
1172
il74
175
117s
1177
117R
1i7e
1iran

[y
-

<-4
-

v e
PR L R PR U LA
R o\ R 4]
FAR MR,

T TP b

Bk A e b Gt Tt e B
1 %

e
Bt ok
0L
2

1192

ok
-
)
tok

1194
1195
1194
1197
1183
1129
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#0.03663000616,03626000+5.03200000+0.32990G00050.02800000+8.02628000+
20,02470000+0.02326000+0,02188000+0.02060000+0,01938006,2.01818000,
20,01700000:0.031586700+C,01476800:0,01375600+0,81260800,0.023191800)
DATAL{AZ (D) +J=307:392)=

©3,01108400,0,61030000+0,00956000+0,00686100:0,502200003.00755000+
20,00704£00+0.00655800,0,00612100620,0057250050,00536300:6.00502800,
25.004T71000+0,00640400+0,0041000C+0.00361558+0,.3035504040.00331572»
50,00310320:0,00290938+0,00273080:0,00256402+0,00250560+0.002252(3+
“G.60210000+0,00195415,0,0618208820.00169580+0,0015866%+0,00148312,
60.00138696+0,.00129686¢0.0012115256.00112966+0.00205000450,000%7477+
20,50090655+0,000864459:0,00078808+0,06073525:0.00058832+0-00064351,
©9,00060106+0,00056023:0,00052006+0.00055186499.00044712:0,00041548,
#5,00038655:0,55036000,0.0003354640,00031252+0,08025068848.00027016,
G, 00425000,6.00023102:0,00021392+0,00015850+0.40018456.2,00017185,
80,00015024+0.0001494440,06013928+6.0001295426.00512006:0,00011103,
#0,60010304,0.00009591+0,00008952¢0.006068375:0,00007848+0,8000735%,
*6, 8000689630, 00006447:0,00006060+0,00005572+0.00905184+¢,00004832y
%0,60004512+0.00004219+0,00503948:%,.0000385590.03003455+3,00903226,
43,39003G00+0,0 ) .

END

-171-

1200
1201
1262
1263
1294
1205
1205
1207
1zon
1209
1210
1211
1212
1213
1234
izi=
1215
1217
1218
izie
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SUBROUTINE EYEBAL (X¢N)
=EV 22MARTY TO USE WITH BLOCK DATA EYEB
PROGR2MHED BY 8 £ BOUDA., OCT 1970, RUNS ON CDC6600.
Al 1S EYE RESPONSE TABLE. X IS CORRESPONDING WAVELEMNGTH, ANGSTROM
N 1S HUMBER OF POINTS » X(13=3800. X{3%2)=7710,
DIHEHSIOH %(392}
Al TABLE IS IN BLOCK DATA EYEB.
COHHON/B&/AY {392}
N=392
D0 2 J=2sN
JR1zd-~1
Xidlz= X(UMl)elg,
WRITE(6+3) {2(J A {JY e =) 9 o)
FORMAT(/7AL G(IXsF6.0eE1GT7) )}
NORMALIZE RAXIMUM POIRT 10 340
AN=AL (176)
0O & J=}4N
ALLSYy=AL CU) 7AN
HRIT {63} (X{D)28105) eJ=1 M)
Re7 AN
ExD
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1220
1221
1222
1223
1224
1228
1226
1227
1228
1229
1230
1231
1232
1233
123¢
1235
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1237
1238
1235
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1241
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High School, Faribault, Minnesota, 1943-1947

Cornell College, Mount Vernon, Iowa, 1947-1951 (A.B. 1951)
Indiana University, Bloomington, Indiana, 1964-1973 (M.S. 1969)
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American. Chemical Society « Sigma Xi
Optical Society of America Yhi Lambda Upsiion
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Publications

Application of Radiative Transfer Theory to ITlwminating-Flare Foaacss
Buil. Am. Phys. Soc. 15, 1525 {1970).

Vistble Radiatior
Features (with

{1970).

on ;r** Iilwmingting-Fiare Plames: Strong Emissios
R. M. Blunt and E. J. Bair), J. Opt. Soc. Am. 60, 3}}5

I

V{51 oo kudiation Ffrom ;Eiw*zmtmg-??:we Piamen, T, FPr g *‘wn of
the Scdiwn Rexoranee Contimas+ (wikh E. J. Bair}, J. Opt. Soc, Am. 60,
1257 (1670).

fed Hugway Flzce Spectrum, Am. J. Optom. and Arch. Am. Acad. Optom.
49, 415 11972).

Zmigsicn Studies of Selected Iyroiechnic Flames, J. Opt. Soc. Am. 55,
787 {1655).
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U.S. Patents
White Smoke Compusition, 3,625,855, Class 252/305 (7 December 1971).

Device for Foodueing White Smoke by Impleding Red Phosphorus,
3,625,155, Class 102/90 (7 December 1971), Coinventor with Roscoe
D. Dwiagins.

wWhite Smoke Cemposition Containing Red Phosphorus, 3,607,472, Class
149/19 (21 September 1971).

Alirer:ft Parachute Flave, 3,499,385, Class 102/35 (10 March 1970).

Illwninating Flare Composition Composed of Magnesiwm, Sodium Nitrate,
and a Vinyl Terminated Polysiloxane Binder, 3,411,964, Class 149/19
(19 lovember 1963).

Illuminating Flare Composition Composed of Magnesiwnm, Sodium Ritrate,
and an Epoxy Resin-Polyglycol Resin Binder, 3,411,963, Class 149/19
(10 November 1968).

Process for Polymerizing Acrylic Konomers with Strontiwm Perchlorate
for Pyrotechnics and Propellanis, 3,369,946, Class 149/83 (20 February
1968).

Pyrotechnic Compound Tris{Glye-ine) Strontiwm (II) Perchlorate and
Method for Making Same, 3,296,045, Class 149/75 (3 January 19€7).

Plastic Pyrotechnic Compositions Containing Strontium Perchlorate
and Aerilie Polymer, 3,258,373, Class 149/19 {28 June 1966).




